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Abstract 


The chief results of this investigation are concerned with the problem 
of sternogenesis which has continually been the object of research since the 
time of Georg Ruge. For the first time the importance of the ventral fascia 
of appendicular hypaxonic musculature for the non-zonal elements of the 
breast-shoulder apparatus receives due consideration. Fundamental problems 
of the origin of the sclerogenic components of the limb-bud are fully discussed. 
The purely descriptive anatomy of the breast-shoulder apparatus of Xenopus, 
in view of the interest attaching to its ossa investitientia, has also been 
investigated. 'The recent paper of Jui Ming Chen on mammalian sterno- 
genesis arrived too late for consideration. (Journal of Anatomy, vol. 86, pt. 4 
and vol. 87, pt. 2.) It confirms the results obtained for Xenopus, for it also 
rejects the Ruge hypothesis of the costal origin of the sternum. 
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INTRODUCTION 


The term “breast-shoulder apparatus” was coined by Fiirbringer (1876) 
to denote the shoulder-girdle plus the sternum and episternum. Tt does not 
follow, however, that Firbringer meant these structures to be morphogenetically 
related. 

In reviewing the literature dealing with the anuran breast-shoulder 
apparatus, I do not intend to give a detailed account of the older literature, 
as it has been very fully dealt with by De Villiers (1922, 1925). The reader 
is referred to these works for a comprehensive review of the work of the 
older anatomists and embryologists. 'The nomenclature used in this work is 
that employed by De Villiers (1922). 

It is now the general practice to divide the anuran shoulder-girdle into a 
dorsally situated pars scapularis and a ventrally situated pars coracoidea. 
The pars scapularis comprises the os scapulare and the cartilago supra- 
scapularis, the latter partly covered on its outer, and to some extent on 
its inner, aspect by an os investitiens, the cleithrum. The pars coracoidea 
consists of an anterior bar, the cartilaginous or sometimes ossified procoracoid 
with its os investitiens, the clavicula, and the posterior bar or coracoid, 
which in anurans is always ossified. 'The medio-ventral ends of the procoracoid 
and of the coracoid are connected with each other by means of the cartilaginous 
processus epicoracoideus, thus enclosing a fenestra obturatoria in the pars 
coracoidea of the shoulder-girdle. According to Gêtte (1877) and Fuchs (1927) 
the processus epicoracoideus is to be regarded as a forwardly directed process 
of the os coracoideum or actually its unossified homologue. 

Gegenbaur (1865) was not aware that the so-called “perichondral 
ossification of the suprascapula” is a membrane bone, but he knew that the 
procoracoid and the clavicula are separate entities, separated from each other 
by means of a thin layer of connective tissue. That the cleithrum and clavicula 
are in reality ossa investitientia was first realised by Braus (1909, 1919) and 
was fully confirmed by Schmalhausen (1917), De Villiers (1922) and Fuchs 
(1922). 'The discovery of the true nature of the cleithrum is of great 
phylogenetic importance, as it brings living Amphibia into line with the 
Labyrinthodontia, in which such a bone was always present. In all his works 
on the anuran breast-shoulder apparatus Fuchs calls the clavicula the os 
thoracale. 'This change of nomenclature is based on his important discovery 
(1912) that the clavicula of the Mammalia ditremata is not a pure os 
investitiens, as is the case in most Anura, but that it is a bone of composite 
origin, since pieces of cartilage, which are regarded as vestiges of the 
cartilago procoracoidea, are incorporated in the developing clavicula. 'The 
term “clavicula” used in human anatomy can only be used for such osseous 
elements in lower vertebrates in which a structure histogenetically homologous 
with the human clavicle occurs. 'This is actually the case in some Amura 
(Fuchs, 1922), in which the separating connective tissue between the anuran 
clavicle and the procoracoid disappears, so that there is an invasion of the 
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cartilage by the os investitiens. 'The cartilage subseguently ossifies and 
fuses with the anuran clavicula, thus forming a bone of mixed origin, much 
as in the human elavicle (B.N.A.). Fuchs (1922) claims that ossification of 
the procoracoid proceeds from the clavicle after the separating connective 
tissue has been broken through, but De Villiers (1929) was able to demonstrate 
that the cartilago procoracoidea in Xenopus can undergo independent ossifi- 
cation, the separating membrane between clavicle and underlying cartilago 
procoraeoidea remaining intact. 

The fenestra obturatoria, situated in the pars coracoidea of the 
shoulder-girdle and enclosed by the coracoid, procoracoid and processus 
epicoracoideus is supposed to arise in at least two different ways in Amura. 
According to Gêtte (1877) and Fuchs (1927) the coracoid and procoracoid 
in Rana arise ontogenetically from the glenoid part of the pars scapularis 
as two separate, ventrally directed processes. The ventral end of the 
cartilaginous coracoid subseguently flattens out in the direction of the cartilago 
procoracoidea, thus forming the processus epicoracoideus. 'The latter then 
fuses with the medio-ventral end of the cartilago procoracoidea to form a 
fenestra obturatoria medio-ventrally. This fenestra is then regarded as a 
primary fenestra ('“Sprossungsfenster” of Fuchs), covered in some Amura at 
least by a membrana obturatoria, which originates from the surrounding 
connective tissue not belonging to the shoulder-girdle and therefore regarded 
as a secondary membrane (“Fibrogene Membran” of Fuchs). Secondary 
fenestrae (“Reduktionsfenster” of Fuchs) in the pars coracoidea of the 
shoulder-girdle are said to be present in lizards, and are covered by 
primary membranes (Fuchs, 1927). Ontogeneticaliy these secondary fenestrae 
are regarded by Fuchs as unchondrified parts of a broad, flat pars coracoidea. 
The unchondrified connective tissue filling up these secondary fenestrae 
gives origin to the membranes covering the latter in the adult. Such mem- 
branes originating from connective tissue belonging to the shoulder-girdle 
itself are known as primary membranes ('“Reduktionsmembranen” of Fuchs). 
As stated above, Fuchs regards the fenestra in the lacertilian shoulder-girdle 
as secondary, and maintains that these reptiles therefore lack a procoracoid 
and a processus epicoracoideus. He further regards the anuran and chelonian 
fenestra and procoracoid as being homologous structures, while Goodrich (1930) 
maintains that the chelonian procoracoid is a very long processus acromialis. 
1 do not intend to discuss this old controversy in comparative anatomy: the 
exact homologues of the different parts of the reptilian shoulder-girdle. For 
further details the reader is referred to the works of Van Gelderen (1923, 
1925). Tt should also be mentioned that Anthony and Vallois (1914) deny 
the homology of the coracoid and procoracoid in urodeles and anurans, but 
later workers on the urodelan shoulder-girdle, such as Engler (1929) and 
Hoffman (1936) see in the urodelan coracoid and procoracoid the exact 
homologues of these structures in anurans. 


According to Braus (1909) and Nauck (1928) the fenestra obturatoria 
in Bombimna(tor) and Alytes arise in duite a different manner from that 
described by Fuchs and G@êtte for Rana. 'The fenestra in these two genera 
arises very early during ontogeny, when the whole pars coracoidea of the 
shoulder-girdle is still in a blastematous or procartilaginous condition. At 
this stage the pars coracoidea is pierced by a foramen for the transit of 
the nervus supracoracoideus and of blood-vessels supplying the hypaxonie 


149 


appendicular muscles situated on the outer aspect of the shoulder-girdle. 'The 
coracoid, procoracoid and processus epicoracoideus subseguently chondrify 
round the foramen, which enlarges during ontogeny, and eventually forms the 
fenestra obturatoria in the adult. 

The relationship of the two processiis epicoracoidei to each other 
ventrally is of great importance. Cope (1865) and Boulenger (1882) used 
it as a basis of classification, and although their systems are now antiguated, 
the terms “Firmistermia” and “Arcifera”, first instituted by Cope, are still 
in use today to denote the two main phylogenetic trends along which the 
shoulder-girdle of modern anurans has developed. The Arcifera are those 
anurans in which the two processiis epicoracoidei overlap and are movably 
articulated to each other in the mid-ventral line, while the Firmistermia are 
those in which the processiis epicoracoidei are either fused or firmly cemented 
to each other in the mid-ventral line. Fuchs (1926 b) and Howell (19385) 
state that the proto-amphibian condition was undoubtedly the firmisternal 
type, while Noble (1922) and De Villiers (1924, 1929) maintain that the 
arciferous type of epicoracoidal articulation is the primitive condition. If 
the latter is actually primitive, the firmisternal type is to be considered as 
derived from the arciferous type, and it is also to be expected that at least 
some firmisternal anurans should recapitulate an arciferous stage during 
ontogeny. 'This is exactly what happens during the development of Kaloula 
and Bana, two diplasiocoelous genera (Hsiao, 1983-1934). Noble (1926) 
observed the same phenomenon in some brachycephalid frogs. De Villiers 
(1924, 1929) failed to observe any overlapping of the processis epicoracoidei 
in developmental series of Breviceps and Rama, and assigns no great phyloge- 
netie value to arcifery. The aglossal opisthocoelous genera Xenopus and Pipa 
seem to occupy an intermediate position between the arciferous and firmisternal 
types as they are arcifero-firmisternal, while Hymenochirus is typically 
firmisternal (De Villiers, 1929). Noble (1926) finds that arecifero-firmisterny 
also characterises the Brachycephalidae and the Chinese ranid, Rana rugulosa. 


As stated above, the classifications of Cope (1865) and Boulenger 
(1882) are now antiguated. Noble (1922) proposed a more natural classification 
based on the structure of the vertebral column and the thigh musculature. 
This system is now generally accepted, and Hsiao (1933-1934) has pointed out 
that the comparative study of the musculature and osteology of the pectoral 
region in the Chinese Salientia results in the same “phylogenetic tree” as the 
one of Noble (1922) based upon the pelvic region. 

Of great importance is the ontogeny of the fibrous connective tissue 
situated interepicoracoidally and binding the processis epicoracoidei and the 
sternum together. According to Fuchs (1926 b) this tissue originally stretched 
from the posterior edge of the episternum to the anterior edge of the 
sternum, and probably represents a vestige of a skeletal piece originally 
intercalated between the two ventral halves of the girdle. He considers this 
tissue and the sternum as originally costal in origin, although his view is 
not supported by more recent ontogenetic studies. De Villiers (1929) 
maintains that the binding tissue is the mother tissue of the sternum in 
Xenopus, and is a derivative of the linea alba. Roggenbau (1926) describes 
an extensively vascularised type of intercoracoidal binding tissue in Fama, 
and  believes that it represents a vestige of an interclavicle, an unpaired 
dermal bone present in the ventral part of the shoulder-girdle of 
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Labyrinthodontia, of extinct and of some modern Reptilia, and even of 
Monotremes (Romer, 1931, Broom, 1932). He bases his conclusion on the 
histological structure of the tissue. De Villiers (1929) finds a similar kind 
of tissue in Xenopus, but it is situated -interprocoracoidally. He denies its 
affinity to the interclavicula and maintains that connective tissue subjected 
to stress and strain may undergo histological differentiation approsimating 
to that which is passed through by tissue destined to give rise to bone by 
direct ossification (os investitiens). 

The ontogeny of the vertebrate sternum and episternum remains one 
of the most disputed points in comparative anatomy. The classical theory 
of the origin of the sternum is Ruge's costal theory (1880), confirmed by 
Knopfli (1919) for birds and Juhn (1928) for lizards. This theory, however, 
has been descredited by a large number of workers, such as Bogoljubski 
(1914), Whitehead and Waddel (1911), Hommes (1921), Van Gelderen (1925) 
and K&lin (1929). The latest investigations on the reptilian sternum are those 
of the last two workers. Van Gelderen (1925) regards the anterior part of 
the reptilian and the amphibian sternum as being autochthonous, and the 
posterior part of the reptilian sternum (xiphisternum) as being of costal 
Origin. Jn direct contrast to his views are those of Kilin (op. cit.) who 
derives the crocodilian sternum entirely from the coracoids. Gêtte (1877) 
postulates a zonal origin for the anuran sternum, Wiedersheim (1892) and 
Lignitz (1897) derive the sternum from myocommatous tissue, while Parker 
(1891) stated that it is partly of zonal and partly. of myocommatous origin. 
De Villiers (1922), the first worker of the Zirich school to break away from 
Ruge's costal theory, was able to show that the sterna of Bombimna(tor) and 
Alytes are partly of zonal and partly of myocommatous origin, and suspected 
that the sterna of Xenopus and Hyla have a similar origin, while that of 
Rana was to be regarded as an unpaired chondrification of the linea alba. 
Engler (op. cit.) still advocates a costal origin for the sternum in urodeles, 
although he shows that the sterna of Salamandra atra, Salamandra maculosa 
and Molge alpestris are autochthonous chondrifications of the linea alba. 
Hoffmann (op. cit.) denies the costal and even the linea albal origin of the 
sternum in urodeles, and states that it is partly of zonal and partly of 
myocommatous origin. Recently Gladstone and Wakeley (1932) totally discarded 
the costal theory and state that in all Vertebrata the sternum arises as two 
mesodermal plates or sternal bars, situated in the lateral part of the body 
wall. 'These bars later fuse in a cranio-caudal direction to give rise to the 
unpaired condition in the adult. 

The episternum, phylogenetically regarded as the most recent structure 
in the anuran breast-shoulder apparatus, is usually better developed in the 
Firmisternia than in the Arcifera. W. K. Parker (1868), Gêtte (1877), T. J. 
Parker (1891) and Fuchs (1926 b) regard the episternum as being of zonal 
origin, whereas Wiedersheim (1892), Lignitz (1897), De “Villiers (1922), 
Gladstone and Wakeley (1932) and Hoffman (1935) believe that the episternum 
arises as a chondrification of the linea alba anterior to the shoulder-girdle. 

Tt would therefore seem that the sternum and episternum of Amphibia 
can originate in different ways, and that skeletal elements lying in the linea 
alba in the same topographical position, are not necessarily to be regarded as 
derivatives of the linea alba. This view is further supported by the development 
of the epipubis of Xenopus, Liopelma and Ascaphus, the ypsiloid apparatus 
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of some urodeles, and the processus epipubicus of Necturus. 'The epipubis 
of Xenopus and the ypsiloid apparatus arise as paired chondrifications of 
the linea alba anterior to the pelvic girdle (De Villiers, 1925), while the 
processus epipubicus of Necturus, occupying the same topographical position 
as the epipubis and ypsiloid apparatus, is of zonal origin (Hoffman, 1935). 
De Vos (19388) maintains that the epipubis of Liopelma may also be of a linea 
albal origin. 

The ontogeny of the tissue forming the earliest anlage of the limb-bud 
is still a vexed problem. It is well-known that the vertebrate skeleton, apart from 
chitinous or calcareous derivates of the ectoderm and the enamel of the teeth, 
is of mesodermal origin, and that the zonal and appendicular skeletons 
develop from one and the same anlage. De Villiers (1926) maintains that it is 
almost a certainty that the limb-bud tissue in Xenopus is of mesenchymatous 
origin, as in the connective tissue phase the girdle anlage, the vertebral 
column and the myocommata are in direct continuity with one another. Braus 
(1904) also believes in a mesenchymatous origin of the limb-bud tissue, and 
states that in all Vertebrata the anlage of. the shoulder-girdle arises as a 
blastematous cell-thickening in the mesenchyme of the body wall. Goodrich 
(op. cit.) states that in fishes, Amphibia and in many of the higher Amniota 
the girdle and limb-musculature arise as cell proliferations from the ventral 
ends of the myotomes, such proliferations combining to form a continuous 
mass and later giving rise to two plates from which the muscles of the 
girdle and fore-limb develop. 

The chief duestions pertaining to the breast-shoulder apparatus of 
Xenopus to be discussed below are the following: 


1 'The origin of the tissue forming the earliest anlage of the limb-bud. 

2 'The relation of the clavicula to the cartilago procoracoidea, and the 
presence or absence of ossification in the latter. 

3 'The ontogeny of the fenestra obturatoria and of the processus 
epicoracoideus. 

4 'The origin of the fibrous connective tissue binding the ventral halves 
of the girdle to each other. ` 

5 'The ontogeny of the sternum. 
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HISTORICAL REVIEW OF THE INVESTIGATIONS ON THE BREAST- 
SHOULDER APPARATUS OF XENOPUS LAEVIS 


A detailed discussion of the work on the breast-shoulder apparatus 
of Xenopus by older anatomists such as Stannius (1865), W. K. Parker (1868), 
Mivart (1869), Fiirbringer (1873-1874) and Boulenger was given by De Villiers 
(1924). It should be remembered that all these workers, except possibly 
Boulenger, regarded the shoulder-girdle of Xenopus as being firmisternal, and 
Parker (op. cit.) observed a discontinuity in the processis epicoracoidei, a 
condition which was later confirmed by Fiirbringer (op. cit.). 

Proctor (1921) studied the scapula in the Aglossa, and concluded that 
that of Xenopus is vestigial or apparently occasionally absent, a condition that 
she explains as having arisen through the fusion of the scapula with the 
“praecoracoid” (clavicula?) 

De Villiers (1922, 1924, 1925, 1929) devoted much attention to the 
anatomy and development of the Xenopus breast-shoulder apparatus. In 1922 
he partly investigated the anatomy of the breast-shoulder apparatus and the 
development of the sternum, and concluded that the girdle is arcifero-firmi- 
sternal; as to the origin of the sternum he suggested that since in Bombima(tor) 
the sternum arises as four cartilaginous nodules (two of them being of zonal 
and two of myocommatous origin) the sternum of Xenopus might originate in 
a similar manner. 

In 1924 the same author reinvestigated the anatomy of the adult 
breast-shoulder apparatus, and maintained that the ventral halves of the 
shoulder-girdle are definitely articulated on the arcifero-firmisternal principle, 
that arcifery is probably a primitive feature, and that the procoracoidal 
cartilages sometimes show insipient ossificatory processes. A discontinuity 
of the processis epicoracoidei was not observed, although a large number of 
specimens were microtomized or dissected. 

In 1925 De Villiers studied the development of the epibus, discussed 
the possible origin of the connective tissue constituting the linea alba, 
inscriptiones tendineae and myocommata, and concluded that the connective 
tissue of these entities probably originated from the sclerotome. He also stated 
that both the epipubis and the sternum are paired chondrifications of the linea 
alba. The same author's investigations of 1926 revealed that the anlages of 
the limb-bud and of the girdle are in syndesmotic continuity with the 
myocommata and the anlage of the vertebral column, a fact which probably 
indicates that the limb-bud and the girdle tissues are of mesenchymatous origin. 

Certain aspects of the shoulder-girdle was reinvestigated by De Villiers 
(1929), in the light of Fuch's statement (1926 b) that ossifiecation of the 
procoracoid cartilage proceeds only after the limifing membrane between it 
and the clavicula has broken down. 'The investigation revealed that in 
Xenopus at least, the procoracoidal cartilages definitely ossify although the 
limiting membrane remains intact. Tt was also found that the interprocora- 
coidal tissue may be a linea albal derivative, that it is sometimes extensively 
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canaliculised, and that the canaliculi do not contain blood. 'The shoulder-girdle 
of Pipa as well as that of Hymemochirus was also investigated and compared 
with that of Xenopus, and it was concluded that the shoulder-girdles of 
these three representatives of the Pipidae constitute a series, characterized 
by the progressive fusion of the processis epicoracoidei. 'This fusion probably 
results in the progressive immobility of these cartilages, and probably eventually 
leads to firmisterny, which has already been attained by Hymenochirus. 

De Villiers does not claim that the series mentioned above is a 
phylogenetic one, since the present dispersal of these three aglossal genera 
does not support such an assumption: Xenopus and Hymenochirus being 
aethiopian genera, while Pipa is neotropical. 

In addition to the works mentioned above, the oe investigations 
were carried out in connection with Xenopus: Dreyer (1914) studied the 
morphology of the tadpole, Grobbelaar (1924) investigated in detail the entire 
jnusculature of Xenopus, Noble (1922, 1925, 1926 (a), 1931) gave a general 
description and an account of the systematic position and probable phylogeny 
of the Aglossa, Van der Horst (1931) reported on the lateral-line nerves of 
Xenopus, Kotthaus (1933) and Paterson (1939) studied the development of 
the chondrocranium, while Millard (1941, 1949) investigated in detail the 
vascular anatomy and development of the venous system of Xenopus. In 
addition to investigating the development of the chondrocranium, Paterson 
(1939, 1941) also paid attention to the olfactory organ, tentacles and anterior 
blood-vessels of Xenopus. 'The essential neotenic origin and organisation of 
the Aglossa, profoundly influencing all anatomical and ontogenetic work on 
the group, was expressed most clearly by Escher (1925). 


MATERIAL AND TECHNIOUE 


It is a well-known fact that the size of anuran larvae is not a true 
eriterion of the degree of development attained by the different systems of 
organs. Measurement of the larvae is therefore of little conseguence in 
determining the age of developmental stages, although this is the usual 
method employed in descriptive embryology. De Villiers (1922) employed the 
degree of development of the legs and the length of the tail in determining 
the different developmental stages of Bombima(tor). IT have also adopted 
this method for Xenopus, but in addition each larva was measured. In 
older postmetamorphic specimens in which the tail has been resorbed 
entirely, the measurement was made from snout to cloacal aperture. 'The 
diagrams on the following two pages represent the different stages into which 
the material has been classified. 

The material was collected in the vicinity of Stellenbosch, fixed in 8% 
formol and preserved in 4% formol. It should be mentioned that it was never 
found necessary to remove the alimentary canal before sectioning, even in 
larvae with a very large, spirally coiled intestine. 

Decalcification of the material is always necessary, even in the 
youngest larvae, as the sacci endolymphatici, containing calcium carbonate 
crystals, arise early in ontogeny. For decalcification Ebner's fluid or an 
alcoholie solution of nitric acid (5% — 10%) was used, the latter being 
preferable, as nitrie acid decalcifies more duickly than Ebner's fluid, and 
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Stage 


Stage 


Length 


(a) From snout 
to Hip ot 
tail. 
(b) From snout 
to  cloacal 
aperture. 


$ mm. 
18.4 mm. 


12.5 
31.6 


15.9 
40.3 


19.2 
44.2 


201 
48.2 


(a) 
(b) 
(a) 
(b) 
(a) 
(b) 
(a) 
(b) 
(a) 
(b) 


(a) 
(b) 


MM. 
Mm. 


29.7 
60.6 


21 mm. 
59 mm. 


(a) 
(b) 


DIAGRAM 2: 


Length 
(a) From snout 
to tip of 
tail. 
(b) From snout 
to  cloacal 
aperture. 


Corresponds to 
Corresponds to 


(a) 191 mm. 
(b) 32 mm. 


(a) 19 mm. 
(b) 25.6 mm. 


(a) 16.5 mm. 
(b) Td. 


Pectoral limb-buds 


DIAGRAM 1: DEVELOPMENT OF THE SHOULDER-GIRDLE 


Short description. 


Pectoral and Pelvic limb-buds both indistinguishable. 


indistinguishable. Pelvic limb- 
buds distinguishable and enclosed in atrial cavities. 


Pectoral limb-buds distinguishable. 'The latter and 
pelvic limb-buds enclosed in atrial cavities. 


Front legs distinguishable, enclosed in atrial cavities. 
Hind legs free, but not in use. 


Front legs still enclosed in atrial cavities, hind legs 
larger than in stage D, but not yet in use. 


Front legs free but not in use. Hind legs large and 
in use. 'Tail and intestine have attained maximum 
state of development. Head very broad and flat. 


Front and hind legs both well developed and in use. 
Intestine less spirally coiled and metamorphosis 
moderately far advanced. 


DEVELOPMENT OF THE STERNUM 


Short description. 
stage F in diagram 1. 
stage G in diagram 1. 


Front and hind legs well developed and in use. 'Tail 
in process of reduction. Metamorphosis far advanced. 
Spirally coiled intestine reduced. 


Tail shorter than in previous stage, metamorphosis 
further advanced than in previous stage. 


Tail entirely resorbed. Metamorphosis completed. 
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as agueous decalcifiers were found to be less satisfactory. For larger post- 
metamorphic specimens the nitric acid concentration may be increased up to 
12% to obtain complete decalcification in a relatively short time without 
deleterious effects. Methyl-benzoate-celloidin or cedar-wood oil was used as a 
clearing agent. Paraffin with a m.p. of 48“C is most suitable for embedding 
larvae and small postmetamorphic specimens, but for larger specimens a 
paraffin of a m.p. of at least 52“C should be employed. 

It is a notorious fact that Xenopus material is difficult to stain, this 
probably being the result of the neotenic nature of the tissues; this is 
especially true if azan is used. 'The latter is a very useful stain for studying 
morphological details in postmetamorphic material and for ossification processes, 
such as the development of membrane bones, as the aniline blue stains even 
the smallest anlage of bone intensely blue. 'This stain gives the best results 
When used in combination with borax-carmine. Staining with azan, however, 
is rather a laborious process, as it reguires a mordant, preferably phospho- 
tungstic acid, and as the latter is used in an adgueous solution, dehydration 
with alcohol is imperative. lInstead of the azan combination the haemalum- 
Bismarck-brown combination may be used especially for larval stages, in 
which processes of chondrification are to be studied. For adult specimens 
the latter two stains may also be used in combination with other plasmal 
stains, such as light-green and/or eosin. As these stains are all soluble in 
95% alcohol laborious dehydration is largely obviated. 

The sections were cut 104, 124 and 15u in transverse, frontal and saggital 
series, and reconstruction drawings were made by means of an apparatus 
copied by Prof. C. A. du Toit from that used by Pusey. 

The investigation has been carried out under the supervision of Prof. 
Dr. C. G. $S. de Villiers. I wish to thank him most sincerely for his assistance 
and valuable advice. My sincere thanks are also due to Prof. T. F Dreyer and 
Dr. M. E. Malan for reading the script. 


THE ANATOMY OF THE ADULT BREAST-SHOULDER APPARATUS 


The most recent deseriptions of the anatomy of the adult breast-shoulder 
apparatus following those of Stannius (1856) and Parker (1868), are those of 
De Villiers (1924, 1929), and the reader is referred to these works for a 
detailed account. Certain important points, however, deserve further discussion. 

Nothing new is to be reported on the supracapula, cleithrum and coracoid, 
except that in the shoulder-girdle of very large specimens the connective tissue 
between the suprascapula and the cleithrum partly disappears, resulting in 
the invasion of the cartilage by the investing membrane bone, and the 
subseguent ossification of the former (see fig. 3). 'This condition obtains in 
that part of the suprascapula in which the cartilaginous joint with the dorsal 
tip of the scapula is located. 'The hinge, however, is not entirely affected by 
the ossification: a strip of cartilage between scapula and suprascapula remains 
cartilaginous (Fig. 38, cj). The large, characteristically V-shaped cleithrum in 
the Aglossa is aguite remarkable, as it is in most Amura a narrow flange -of 
membrane bone, covering the outer aspect of the suprascapula. 'This feature 
may perhaps be considered as primitive, as a large cleithrum is typically present 


147 


cs as 


FIG. 1 


Graphic reconstruction of the breast-shoulder apparatus of an 
old postmetamorphic specimen, ventral aspect. X 18. as: lateral 
wing of the sternum; cla: clavicula; co: coracoid; cp: cartilago 
paraglenoidalis; cs: corpus sterni; ep: processus epicoracoideus; 
fo: fenestra obturatoria; fpro: fused. parts of the procoracoidal 
cartilages; fs: glenoid foramen; ge: glenoid cavity; oep: over- 
lapping parts of the processiis epicoracoidei; pro: procoracoidal 
cartilage; se: scapula; sep: suprascapula; vel: ventral flange 
of the cleithrum. 


in many extinct and modern fishes and in Labyrimthodontia (Romer, 1931, 
Jarvik, 1944). However, in the Liopelmidae, which are regarded as more 
primitive than the Aglossa, the cleithrum is relatively much smaller than in 
the Aglossa (De Vos, op. cit.). Is it possible that the large cleithrum of the 
Aglossa is correlated with a small scapula, while the small scapula is in turn 
correlated with the aguatic habit of existence, which is certainly a neotenic 
feature? ln any case, the cleithrum still has an important function, serving 
to a large extent as the point of attachment for a large number of muscles 
associated with the shoulder-girdle and with the fore-limb. 'The cleithrum may 
also serve to strengthen the shoulder-girdle in the scapular-suprascapular 
region, since it actually meets the scapula, the former being separated from the 
latter by means of an extremely narrow synovial cavity (Fig. 3, sca). Parker 
(op. cit.) stated that the “suprascapula” (cleithrum?) sometimes joins the 
“Praecoracoid” (clavicula). In all the specimens investigated by me the 
suprascapula or the cleithrum never meets the clavicula (Figures 1 and 2, se). 
The smallness of the scapula is characteristic of the Aglossa (De Villiers, 1929), 
and this condition is probably an adaptation to a neotenic feature of adguatic 
life: a short dorso-ventral body axis. It also occurs in other mainly aguatie 
anurans, such as in Bombina(tor) and Discoglossus (Proctor, op. eit., Hsiao, op. 
cit.), in some Ranidae (Hsiao, op. cit.) and in some Pelobatidae, e.g. the more 
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FIG. 2 


Graphic reconstruction of the breast-shoulder apparatus of a 
Young postmetamorphic specimen, X 18. Abbreviations as for 


Fig. 1. 


frog-like Pelodytes (Proctor, op. cit.). In Alytes, which according to Noble 
(1931) is more terrestrial, the scapula is larger, as is also the case in other 
typically terrestrial anurans such as in the Bufonidae, in the Hylidae and in the 
rest of the Pelobatidae (Proctor, op. eit.). 

The glenoid cavity of Xenopus is pierced by a foramen, situated in 


FIG. 3 


Transverse section through scapulo-suprascapular 
hinge to show the ossification of the suprascapula 
and the synovial cavity between the cleithrum and 
the scapula. cj: cartilaginous hinge; dcl: dorsal 
flange of the cleithrum; os: ossification in the 
suprascapula; sca: synovial cavity in the region of 
the scapulo-cleithral articulation. Other abbrevia- 
tions as for previous figures. 


that part of the scapula forming the medial wall of the cavity (Fig. 1, 2, 6, Ts). 
Such a glenoid foramen freguently occurs in the Amura (Proctor, op. cit, De 


Vos, op. eit, Braus, 1919). 


It is lined by the synovial membrane, and in 


Xenopus at least, does not serve for the passage of any nerves or blood-vessels. 
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According to Braus (1919) the function of the glenoid foramen is to regulate 
the air pressure in the glenoid cavity during movement of the caput humeri 
within the cavity. 'The fact that the synovial membrane is sometimes seen in 
section to bulge out through the foramen seems to accord well with Braus's 
point of view. 

PROCORACOIDAL CARTILAGE AND CLAVICLE (Fig. 1, 2, pro, ela): 
The statement by De Villiers (1924) that the procoracoidal cartilages of 
Xenopus may ossify, although the limiting membrane between them and the 
clavicles remains intact, was doubted by Fuchs (1926 a), who stated that 
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FIG. 4 


Transverse section through the anterior 
parts of the procoracoidal cartilages to 
show their fused anterior tips. cCvs: 
clavicle-sheath; pct: procoracoidal cap- 
sular tissue; va: ventral aponeurosis. 
Other abbreviations as for previous 
MEE figures. 
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such ossifications of the procoracoidal cartilages in Rana fusca proceeded only 
after the membrane had disappeared. De Villiers (1929) thereupon reinvesti- 
gated this point, and confirmed his original statement. lJn all the specimens 
investigated by me, including the large specimen mentioned above, the 
limiting membrane between procoracoidal cartilage and investing clavicle is' 
always present, and the antero-medial portions of the procoracoidal cartilages 
of the large specimen certainly do ossify, or at least show signs of potential 
ossification (see Fig. 5 b). Marrow-cavities, however, are not developed, 
although observed by De Villiers (1929) in his specimen. The ossified parts 
of the procoracoidal cartilages (Fig. 5 b, osf) hav: the same staining 
dualities as thé other bones. The ossificatory process, however, seems only 
to effect the matrix of the cartilage, and is therefore intercellular. lTslets of 
cartilaginous tissue (Fig. 9 b, cil) are ofteiu seen completely surrounded by 
bony tissue. ln Xenopus the microscopic relation of the clavicle to the 
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Transverse section through ante- 
rior parts of procoracoidal car- 
tilages and clavicles to show 
clavicular tuberosities, clavicular 
nodules in the ventral aponeurosis, 
interprocoracoidal tissue and car- 
tilaginous bridge. cb: cartilaginous 
bridge; cln: clavicular nodule 
embedded in ventral aponeurosis; 
ipt: interprocoracoidal tissue; tu: 
clavicular tuberosity. Other abbre- 
viations as for previous figures. 
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procoracoidal cartilage is also most interesting. ln higher Amura the clavicle 
usually ensheaths the procoracoidal cartilage; typical stages in the progressive 
ensheathing have been described by' Fuchs (1926 a) for Rama fusca. Tn 
Xenopus both the clavicle and the procoracoidal cartilage are well-developed 
skeletal structures, the latter being appreciably larger than the former (Fig. 
1 and 2). 'The clavicle invests the procoracoidal cartilage ventrally, never 
extending to the dorsal side of the latter, except at the extreme lateral end 
of the procoracoidal cartilage, where a narrow flange of the clavicle invests 
its dorsal surface (Fig. 4, 5). 'The ventral position of the clavicle is probably 


il OoSf 


FIG. 5 b 


Transverse section through ossi- 
fied part of procoracoidal cartilage. 
Cc:  chondroblast; ecil: islet of 
cartilage; m: matrix; osf: ossifica- 
tion in procoracoidal cartilage; 
ost: osteoblast of clavicula; sm and 
sml: separating membrane be- 9St— 
tween clavicula and procoracoidal 
cartilage. Other abbreyiations as 
for previous figures. 
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a primitive feature as already stated by De Villiers (1929), as the same' 
condition obtains in the Liopelmidae (De Vos, op. ecit.), in the Discoglossidae. 
(De Villiers, 1922), and in some other genera of the Pipidae, such as' 
Hymenochirus and Pipa (De Villiers, 1929). In Xenopus the lateral end of the 
clavicula is so well fused with the scapula that it is impossible to ascertain the 
line of fusion (see fig. 6). 'That part of the glenoid cavity formed by the: 


FIG. 6 


Transverse section through the glenoid cavity to show the 
intrascapular position of the glenoid foramen. ch: caput 
humeri. Other abbreviations as for previous figures. 
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fused scapula and clavicula, is then framed by a single bony element, a 
condition which freguently occurs in Amura (Braus, 1919). This bone, however, 
should not be compared with the primitive coracoscapula, present in some 
Embolomeri (Romer, 1931) and in the primitive Liopelmidae (Romer, 1931, 
De Vos, op. eit.), as it is not formed by the progressive down-growth of the 
scapula into the pars procoracoidea of the coracoidal plate. The bony element 
must be regarded as a secondarily developed, undivided glenoidal bone. The 
clavicle contains no large central marrow cavity, but only a few small cavities, 
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scattered mainly through the lateral half of the bone. The dorsal surface of 
the clavicle of the large specimen investigated has an indented appearance since 
it is studded with fairly large tuberosities (Fig. 5a tu). De Villiers (1929) 
regarded these tuberosities as local ossifications of the clavicle sheath, and 
as representing progressive growth of the clavicle towards the procoracoidal 
cartilage. During this process the limiting membrane between the latter and 
the clavicles is reduced to a very thin layer. 'The medial tips of the clavicles 
and the ventromedial edges of the front parts of the procoracoidal cartilages 
are seen in section to be embedded in the ventral aponeurosis of the hypaxonic 
appendicular muscles (see figures 4, 5). The aponeurosis in turn is in direct 
syndesmotic continuity with the capsular tissue (which covers the rest of the 
front parts of the procoracoidal cartilages), with the interprocoracoidal and 
interepicoracoidal connective tissue, with the clavicle sheath, and indirectly 
with the linea alba (Fig. 4, 5). 'The ontogeny of this complex system of 
connective tissue will be described later. Tt probably has a double origin, 
and is essentially skeletogenous. 'This is proved by the following facts: the 
median rims of the clavicles of even fully adult specimens show progressive 
growth towards each other midventrally; the front portions of the pro- 
coracoidal cartilages are synchondrotically fused to each other; and scattered 
islets of cartilage in the interprocoracoidal tissue are often to be found 
intercalated between the median rims of the procoracoidal cartilages (see 
figures 4 and 5). It therefore seems that this system of connective tissue, 
present in the midventral procoracoidal and clavicular part of the shoulder- 
girdle is capable of giving origin to both membrane bone tissue and to cartilage. 
1t is histologically fairly homogeneous, consisting mainly of fibrous connective 
tissue. Roggenbau (op. eit.) described an interesting canal system containing 
blood, in the intercoracoidal tissue of Rana fusca and claimed that this tissue 
probably represents a vestigal interclavicula. De Villiers (1929) also described 
and figured such a canal system in the capsular tissue of JXenopus. He main- 
tained, however, that the canals do not contain blood, and that the fibres. 
and nuclei are arranged concentrally round these canals. It was not possible 
to demonstrate the canal system in any specimen investigated, but I do agree 
with De Villiers that no histological change in the interprocoracoidal or 
capsular tissue of Xemnopus shows any signs of its being a possible vestige 
of membrane bone preformed in connective tissue, however true this may 
be for Rana fusca. 'The system of connective tissue described above, serves 
to attach the two procoracoidal halves of the shoulder-girdle firmly to each 


other, that region of the shoulder-girdle thus being both anatomically as well as 
functionally firmisternal. 


PROCESSOS EPICORACOIDEI: 'These structures are articulated on the 
arciferous principle (Fig. 1, 2, ep, oep), as already stated by De Villiers 
(1922, 1924, 1929), and are rather loosely attached to each other midventrally 
by means of a loose netwerk of fibres, permitting some movement between the 
processts epicoracoidei. Like the interprocoracoidal tissue, the interepicora- 
coidal tissue is connected with the ventral aponeurosis and with the linea alba 
(see Figure 7). This system of connective tissue likewise shows skeletogenous 
activities since it forms the mother-tissue of certain parts of the sternum, 
the development of which will be discussed later. Tt should be mentioned at 
this point, that both Fuchs (1926 b) and De Villiers (1929) had already 
commented on the potential skeletogenous nature of the interprocoracoidal and 
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FIG. 7 


A series of sections through the 
epicoraco-sternal region of the breast- 
shoulder apparatus of an old post- 
metamorphic individual. A through -the 
paired anterior part of the sternum. B 
through the region a few sections 
posterior to A. C through the corpus and 
lateral wings of the sternum. ecs: epi- 
coraco-sternal tissue; iet: interepicora- 
coidal tissue; la: linea alba; mpa: portio 
abdominalis musculi pectoralis; mre: m. 
rectus abdominis; vsa: ventral sternal 
element constituting the adult sternum. 


Other abbreviations as for previous 
figures. C 


ecs va 


st 


ecs va 
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interepicoracoidal tissue. De Villiers regarded this tissue as a linea alba 
derivative, while Fuchs (1926 b) considered it together with the sternum 
of Anura as being originally of costal origin, a point of view which is 
certainly not supported by ontogenetic evidence. Parker (1868) and Firbringer 
(1873) observed a discontinuity of the processiis epicoracoidei in Xenopus, 
this being denied by De Villiers (1924, 1929) and by all subseguent workers. 
In none of the specimens which I investigated did a single processus epicora- 
coideus show any signs of being discontinuous, although they are sometimes 
extremely thin. 'They flatten out posteriorly, these flanges being firmly 
attached syndesmotically to the dorsal surface of the sternum in the adult 
condition. 


STERNUM: In Xenopus the sternum is entirely cartilaginous, as in 
primitive Amnura. It consists of a corpus sterni situated midventrally, and two 
broad, thin lateral wings, embedded in between the m. rectus abdominis and 
the portio abdominalis musculi pectoralis (Fig. 1, 2). The original paired 
condition of the sternum is easily observable, as the corpus sterni has an 
extremely shallow groove on its antero-dorsal surface. The lateral wings are 
by no means constant in form. In large adult specimens which I investigated, 
the wings are greatly extended laterally, the sternum then being broader than 
the combined width of the posterior flat portions of the processiis epicoracoidei 
(Fig. 1). But in younger ones the wings are much smaller and the flanges of 
the processis epicoracoidei are broader than the sternum (Fig. 2). Tts posterior 
edge is sometimes fairly deeply notched in the middle line. Judging from 
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investigations on a large number of larval, young and adult specimens, it 
seems that the presence of sternal pouches for the reception of the posterior 
rims of the processês epicoracoidei, is not a constant feature in Xenopus. 
Sternal pouches are probably confined to larval and small postmetamorphic 
specimens (see figure 8). In older postmetamorphic and in adult individuals 


FIG. 8 


A series of transverse sections through 
the epicoraco-sternal region of a small 
postmetamorphic individual. A through 
the paired anterior part of the sternum. 
B through the anterior part of the right 
sternal pouch. C through the sternal 
pouch region. D through the posterior 
part of the sternum. dsa: dorsal sternal 
element constituting the roof of the 
sternal pouch;' est: sternal pouch filled 
with epicoraco-sternal tissue. Other 
abbreviations as for previous figures. 
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the sternal pouches usually have no dorsal walls but form sternal fossae, which 
in section appear as slight depressions on the dorsal antero-lateral parts of 
the corpus sterni (Fig. 7, stf). The pcsterior rims of the processiis epicoracoidei 
are firmly attached to these fossae by means of the dense, elastic epicoraco- 
sternal tissue. Hven in larval or young individuals the sternal pouches of the 
right and left sides are not egually developed, the right sometimes being 
better developed than the left (Fig. 21). 'This phenomenon can probably be 
explained on mechanical grounds. As the right processus epicoracoideus 
generally overlaps the left one, and is thus situated ventrally to the latter, 
it is obvious that the right sternal pouch will be better developed than the 
left, in order to prevent too much displacement of the processtis epicoracoidei. 
In Pipa the dorsal elements are entirely absent, even in developmental stages 
(De Villiers, 1929), while in Hymenochirus only vestiges of the dorsal elements 
are present, the sternum having fused with the processis epicoracoidei (De 
Villiers, 1929). 'The total or potential loss of the dorsal elements in the 
Aglossa is duite remarkable, as they are present in the Liopelmidae (De Vos, 
op. cit.) and in the Discoglossidae (De Villiers, 1922). 'The aglossal condition 
is probably due to an increasing loss of motion in the epicoraco-sternal and 
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mutual epicoracoidal articulation, as the aglossal shoulder-girdle shows an 
increasing tendency towards firmisterny, a condition already attained by 
Hymenochirus, while Pipa is already functionally firmisternal, although 
anatomically still arcifero-firmisternal (De Villiers, 1929). Only in Xenopus 
are the processis epicoracoidei still capable of movement. 'The procoracoidal 
cartilages are anatomically and functionally firmisternal. This progressive 
tendeney towards firmisterny in the aglossal genera mentioned above probably. 
does not form a “phylogenetic” series, as already pointed out by De Villiers 
(1929), since the present distribution of the group does not support such an 
assumption. lt is rather to be regarded as an instance of convergence, and is 
probably due to the aguatiec habit of life (see later). 

EPISTERNUM: 'This element is phylogenetically regarded as the most 
recent structure in the anuran breast-shoulder apparatus, and it is usually 
better developed in the Firmisternia than in the Arcifera. 'The absence of an 
episternum is a characteristic feature of the more primitive anurans, such as 
the Liopelmidae (De Vos, op. cit.), and of the Aglossa.: It is very small in the 
Discoglossidae (Bombimnator: Braus 1919, De Villiers, 1922). 'The latter author 
regarded the absence of an episternum in the Aglossa as a primitive feature. 
F6r a detailed account of the development of the episternum in other anurans 
the reader is referred to the historical introduction. 


THE DEVELOPMENT OF THE SHOULDER-GIRDLE 


The development of the shoulder-girdle and of the sternum will be 
dealt with separately, as the latter develops late in ontogeny, when the 
former has already attained an advanced state of development. Since the 
ontogeny and morphology of the sternum, and especially of the anuran sternum, 
have been freguent objects of research in the past, the ontogeny of the 
girdle itself and its mother-tissue have been somewhat neglected. As was 
stated in the historical introduction, the vertebrate skeleton, apart from 
chitinous or calcareous derivatives of the ectoderm and the enamel of the teeth, 
is of mesodermal origin. Ruge (1902), De Villiers (1926) and Engler (op. cit.) 
state that the limb-bud tissue is of mesenchymatous origin, and (Goodrich 
(op. cit.) maintains that the girdle and limb musculature have a myotomic 
origin, arising as cell proliferations from the ventral ends of the myotomes. 

The following description of the development of the shoulder-girdle is 
based on the careful study of a large number of metamorphic and post- 
metamorphic larvae. The development of the fenestra and membrana obturatoria 
is treated in the light of the investigations of Fuchs (1927) on Rama fusca 
and of Braus (1909) and Nauck (op. cit.) on Bombina(tor) and Alytes. The 
observations on the origin, development and skeletogenous activities of the 
ventral aponeurosis are duite new, as this structure probably has been overlooked 
somewhat by all previous workers. 

Stage A: 'The limb-bud first appears in section as a small, thickened 
patch of blastematous tissue, partly projecting into a small cavity, the atrium 
(Fig. 9). 'The latter cavity is situated in the lateral part of the body wall 
immediately dorsal to the posterior part of the gill region and lateral to the 
posterior part of the pronephros anlage. 'The atrium is of course lined with 
ectoderm, Which is continuous with a row of large cells covering the limb-bud 
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laterally, and representing the ectoderm of the latter (Fig. 9, ect). That part 
of the body wall in the immediate vicinity of the limb-bud is characterised by 
the thickened appearance of the somatopleuric coelomic epithelium and of the 
epidermis. It does not follow, however, that any cells are proliferated from 
them, since it is usually accepted that the ectoderm and the somatopleuric 
coelomic epithelium are not fasciogenic, although it is stated by some 
histologists (e.g. Bremer and Weatherford, 1944) that the somatic mesoderm 
can give rise to mesenchyme. 'The ectoderm, however, apparently does not 
contribute to the limb-bud tissue. 'This view is also supported by Rotman's 
observations (1931). Working along transplantational lines on urodeles, 


FIG. 9 


Transverse section through limb-bud of the youngest 

larva investigated. at: atrium; ect: ectoderm of the limb- 

bud: ns: limb-bud nerve; pa: pars appendicularis; psc: 

pars scapulo-coracoidea; sce: somatopleuric coelomic 
epithelium. 


Rotman came to the conclusion that the urodelan ectoderm does not contribute 
any material to the limb-bud tissue. De Villiers (1926) maintains that the 
thickenings, described above, “'arise in response to the greater strain exacted 
upon these confining epitheliums by the growing anlage between them.” ven 
at this early stage of development at least two regions are discernible in the 
limb-bud: (a) a portion bulging slightly into the atrium, and obviously 
representing the front leg; this may be called the pars appendicularis of the 
limb-bud (Fig. 9, pa); (b) a vertically disposed platelike part, which may be 
called the pars scapulo-coracoidea of the limb-bud, occupying a position nearly 
at right angles to the former, and representing the earliest anlage of the girdle 
(Fig. 9, pse). That part of the axial mesenchyme situated lateral to the spinal 
chord is still unchondrified, and the myocommata between consecutive myotomes 
are clearly visible as distinct strands of connective tissue, staining blue with 
azan, and traversing the myotomes obliguely (Fig. 10, my, myi). 'Thus in 
following the sections backwards, the myocommata, being curved, always appear 
to shift gradually from the dorso-medial to the ventro-lateral aspects of the 
myotomes. At the level of the latter parts of the myotomes, situated dorsally 
to the limb-bud region, the histological structure of the myocommata can be seen 
more clearly; they consist of blastematous tissue histologically identical with 
the axial mesenchyme. These ventro-lateral parts of the myocommata, which 
are of course continuous with the axial mesenchyme, are in turn continuous 
with the limb-bud tissue by means of a patch of blastematous tissue situated 
between the cutis laterally and the somatopleuric coelomie epithelium medially, 
and stretching from the ventro-lateral margins of the myotomes to the limb- 
bud (Fig. 10, tb). Histologically the axial mesenchyme, the myocommata and 
the patch of tissue described above are duite similar, consisting as they do 
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mainly of large elongated nuclei with sparsely distributed cytoplasmic strands. 
The nuclei of the limb-bud tissue are more rounded, this probably being due 
to the more compact structure of the latter. No cell differentiation of any kind 
has yet taken place. From this description it is reasonable to infer that the 
limb-bud tissue is of mesenchymatous origin, and that the growth of the 
mesenchyme from the axial mass takes place through and along the 
myocommata, a point of view supported by the fact that the long axes of the 
nuclei of the myocommata and of the patch of tissue described above always 
point in a ventral direction, that is, in the direction of the limb-bud. 'This 
circumstance probably points to the active growth of mesenchyme from the 
axial mesenchyme along the myocommata to the limb-bud. It seems as though 
there might be yet another route of growth for the mesenchyme: between the 
ventral border of the myotomes and the somatic coelomic epithelium, as 
elongated connective tissue nuclei are also present between these two structures 
(Fig. 10, myr). lIncidentally this is the same route later to be followed by 
the limb-bud nerve. The chorda dorsalis is a well-developed structure, 
consisting in section of a few, large vacuolated cells with the nuclei confined 
to the inner surface of the notochordal sheath, surrounding the cellular part 
of the chorda (Fig. 10, cho). The centra of the vertebrae are already chondrified 


FIG. 10 


Transverse section through 
the myotome and limb-bud 
region to show the migratory 
routes of the mesenchyme. 
am: unchondrified part of 
axial mesenchyme; bl: blood- 
vessel; ce: centrum; cho: 
chorda dorsalis; cn: dorsal 
nerve chord; eca: ectoderm 
lining the atrium; lb: limb- 
bud; my: dorsal part of 
myocomma; myi: ventro- 
lateral part of myocomma 
filled with dense mesenchy- 
matous tissue; myo: myO- 
tome; myr: space between 
ventral border of myotomec 
and somatopleuric coelomic 
epithelium; pn: pronephros; 
tb: thickened blastematous 
patch of tissue connecting 
the limb-bud and myocom- 
matous tissues; ve: Dorsal 
part of vertebra. 


subchordally. ln this stage the ventral margins of the two halves of the 
m. rectus abdominis are widely separated from each other, and the linea alba 
is an extremely thin sheet of connective tissue continuous with the myocommata. 
It is fairly certain that the myocommatous tissue of the m. rectus abdominis 
and the linea albal tissue represent mesenchyme, probably derived from the 
axial mesenchyme (De Villiers, 1925). The latter, however, is probably not 
the only source of the mesenchyme present in the lateral and ventral abdominal 
wall, since it is stated by some histologists (e.g. Bremer and Weatherford op. 
cit.) that mesenchyme can also be proliferated from the somites (apart from 
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the latter giving origin to the axial mesenchyme), and from the somatic 
mesoderm. According to some workers skeletogenous mesenchyme of the 
visceral arch skeleton is derived from the neural erest. 


Stage B: As in the previous stage cell-differentiation has not yet taken 
place. The pars appendicularis of the limb-bud anlage has grown considerably 
larger and now points downwards into the atrium, while the pars scapulo- 
coracoidea has likewise increased in size, and is divided into two parts by 
the limb-bud nerve or brachial plexus. The latter has been formed by the fusion 
of two nerve roots passing from two consecutive spinal ganglia to the limb- 
bud. The brachial plexus gives origin to four nerve branches, and judging by 
the positions occupied by these nerves in later stages, it is possible to 
distinguish with certainty the main regions into which the limb-bud will later 
develop (Fig. 11, nh, npe, nps). That part of the latter lying in the vicinity 
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Transverse section to show the brachial plexus and 

its four nerves, and the main regions of the limb-bud. 

nh: nerves to front leg; npc: n. supracoracoideus to 

pars coracoidea; nps: nerve to pars scapularis; ns: 

brachial plexus; pc: pars coracoidea; ps: pars scapularis. 
Other abbreviations as for previous figures. 


of the dorsal nerve branch (nps) represents the pars scapularis (ps), since this 
nerve in later stages innervates the scapular region of the girdle and its 
associated musculature. 'The part lying in the vicinity of the ventral nerve 
branch (npc) (n. supra-coracoideus of Engler and various other authors) 
constitutes the future pars coracoidea (pc) of the scapulo-coracoidal plate, 
since this branch in later stages passes through the antero-dorsal corner of 
the fenestra obturatoria to innervate the supra-coracoideus muscles of the 
pars coracoidea. 'The two middle nerve branches (nh, nh) pass to the limb- 
anlage (pa) and innervate the limb musculature. In this stage the limb-bud 
tissue therefore consists of three parts: the pars appendicularis, the pars 
scapularis partis scapulo-coracoideae and the pars coracoidea partis scapulo- 
coracoideae. 


Stage C: The limb-bud tissue has now undergone remarkable changes, 
as cell-differentiation has set in; certain parts of the mesodermal core of the 
limb-bud are chondrified, while the rest is still densely blastematous or 
procartilaginous (Fig. 12A, B. C). The migration of axial mesenchyme through 
the myocommata is even more pronounced in this stage, as condensed patches 
of blastematous tissue are always present ventral to those parts of the 
myocommata immediately dorsal to the limb-bud region. Such patches thin 
out considerably in the regions between consecutive myocommata, and are 
entirely absent anterior and posterior to the limb-bud region. 'The girdle 
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FIG. 12 


Three sections through the 
limb-bud region to show the 
development of the proces- 
sus epicoracoideus and the 
formation of the fenestra 
obturatoria and the mem- 
brana obturatoria. A through 
the scapula, procoracoidal 
cartilage and procartilaginous 
part of processus epicoracoi- 
deus. B through the caput 
humeri, coracoidal cartilage 
and procartilaginous part of 
the processus epicoracoideus. 
C through the cartilaginous 
part of the processus epico- 
racoideus fused with the 
coracoidal cartilage. coe: 
coracoidal cartilage; io: in- 
cisura obturatoria; MO: 
membrana obturatoria cover. 
ing the incisura obturatoria. 
Other abbreviations as for 
previous figures. 
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and limb musculature appear for the first time as distinct patches of dense 
blastematous tissue. The caput humeri (Fig. 12 B, ch) is chondrified, although 
it is still in syndesmotic continuity with the shoulder-girdle anlage, and no 
synovial cavity has yet developed. 'The pars scapularis is chondrified and is 
already faintly divided into scapular and suprascapular portions, the latter 
appearing as a small dorso-laterally directed process of the former. The 
platelike pars coracoidea chondrifies simultaneously in two centres, giving 
origin to the coracoidal and procoracoidal cartilages (Fig. 12, coc, pro). The 
processus epicoracoideus (ep) first appears in section as a procartilaginous 
bar separated from the procoracoidal cartilage by means of dense blastematous 
tissue. Further back it gradually becomes cartilaginous, and is in synchondrotic 
continuity with the ventral end of the coracoidal cartilage. 'The processus 
epicoracoideus therefore appears to be a process of the coracoidal cartilage, 
for its anterior end has not yet fused with the procoracoidal cartilage. 'The 
space surrounded by the coracoidal cartilage (later the os coracoideum or 
coracoid) posteriorly, the procoracoidal cartilage anteriorly and the processus 
epicoracoideus ventrally, which may be called the incisura obturatoria (io), is 
therefore not yet entirely closed. Tt is still open in the region of the 
procoracoidal cartilage, and is entirely filled up with dense unchondrified 
tissue of the pars coracoidea (mo), except for a fairly large foramen in its 
anterodorsal corner, through which the n. supracoracoideus passes to the 
laterally situated hypaxonie appendicular musculature. Of very great importance 
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is a patch of blastematous tissue (va) continuous with the ventral margins of 
the procoracoidal cartilage and of the processus epicoracoideus. lt tapers in a 
ventral direction to a thin strand of connective tissue continuous with the 
inseriptions of the m. rectus abdominis. Even at this early stage of develop- 
ment it serves as a point of insertion for the hypaxonic appendicular 
musculature, and is to be regarded as unchondrified tissue of the pars 
coracoidea: it is undoubtedly the mother tissue of the ventral aponeurosis. At 
this stage the linea alba is still a broad stretch of connective tissue binding 
the two halves of the m. rectus abdominis, which are still widely separated 
from each other ventrally. 


FIG. 13 


Transverse section through the limb-bud region to 

show the reduction of the membrana obturatoria 

and the enlargement of the fenestra obturatoria. 
Abbreviations as for previous figures. 


5 mm ed 


Stage D: This stage is characterised by the advanced degree of 
chondrification attained by certain parts of the shoulder-girdle, the commen- 
cement of perichondral ossification of the humerus and the coracoidal cartilage, 
and the chondrification of the ribs in the myocommata of the myotomes 
(see fig. 14). The suprascapula, though well chondrified, is still very small 


FIG. 14 


Graphic reconstruction of the left half of the shoulder-girdle 
(stage D). X 33. Abbreviations as for figures 1 and 2. 


and points in a lateral direction. The incisura obturatoria is now to be 
regarded as a fenestra obturatoria (Fig. 13, fo), for the processus epicora- 
coideus is entirely cartilaginous and has fused with the postero-ventral margin 
of the procoracoidal cartilage. The fenestra obturatoria is covered by a thin 
sheet of connective tissue, the membrana obturatoria (mo), which in the 
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previous stage had a more dense blastematous appearance. Tt is to be regarded 
as unchondrified blastematous tissue resulting from the reduction of the pars 
coracoidea. The mother tissue of the ventral aponeurosis stretches further 
downwards than in the previous stage, and actually lies partially ventro-lateral 
to the dorsal margin of the m. rectus abdomin's. 'The caput humeri is still 
in syndesmotic continuity with the shoulder-grdle, but the outlines of the 
glenoid cavity can already be distinguished. 


FIG. 15 


Transverse sections of stage E to show the develop- 

ment of the cleithrum and of the clavicula. eu: 

cutis; cut: cell-thickening in the cutis. Other 
abbreviations as for previous figures. 


Stage E: Commencement of the ossification of the membrane bones, 
and the formation of the synovial cavity are characteristic features of this 
stage (see fig. 16). The scapula (Fig. 16, sc) is still entirely cartilaginous, 
while the coracoidal cartilage is partly ossified perichondrally to form the 
coracoid (co). Like the latter, the humerus is also ossified perichondrally. 
Marrow-cavities, however, are absent in both structures. The suprascapula 
(sep) is considerably larger than in the previous stage, and is invested on its 
outer aspect by an extremely small cleithrum (cl). In section the latter first 
appears as a small patch of osseous tissue, which stains deep blue 
with azan, and is embedded in a much larger patch of thickened connective 
tissue (Fig. 15 A). Although cuticular connective tissue and thinly dispersed 
mesenchymatous tissue are histologically not distinguishable from each other, 
the anlage of the cleithrum can only be regarded as a derivative of the cutis, 
since it occupies a subepidermal position, always Ooccupied morphogenetically 
by Rabl's “Hautfaserblatt” of the myotome. 'The cleithrum is certainly not a 
mesenchymatous derivative, since it is not preformed in cartilage as all osseous 
derivatives of the mesenchyme are, and since the only unchondrified mesen- 
chymatous material in the vicinity of the cleithrum, the suprascapular 
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perichondrium, remains totally intact. The clavicuia (Fig. 15 B, cla) likewise 
first appears as an osseous nodule embedded in a dense patch of cuticular tissue 
lying ventrally to the glenoid part of the procoracoidal cartilage, and in direct 
continuity with the general cutis. 'The posterior part of the clavicular anlage 
is already covered laterally by the hypaxonic musculature, and in this region 
the anlage is therefore not in direct continuity with the cutis, this part of the 
anlage being formed in an island of cuticular tissue secondarily separated 
from the main cutis. It is therefore duite evident that both the cleithrum and 
the celavicula are cuticular derivatives, as all ossa investitientia are, and that 
the tissue covering these bones in later stages and in the adult condition is in 
reality a formative derivative of the cutis and known histogenetically as the 
periosteum. 'The fenestra obturatoria is considerably larger than in the 
previous stage, the foramen obturatorium only occupying a small portion of 
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FIG. 16 


Graphic reconstruction of the left half of the shoulder-girdle 
(stage BE), to show the relations of the cleithrum to the 
gc suprascapula and of the clavicula to the procoracoidal 
cartilage. X 383. Abbreviations as for figures 1 and 2. 
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its antero-dorsal part. The linea alba is still a very broad stretch of connective 
tissue, since the ventral margins of the m. rectus abdominis are still widely 
separated from each other, while the mother tissue of the ventral aponeurosis 
occupies essentially the same position as in the previous stage. 


Stage F (Fig. 17): A distinct constriction is now present between the 
dorsal tip of the scapula and the ventral end of the suprascapula, and it 
obviously represents the future joint between these two structures. 'The 
suprascapula (scp) is now a large, curved plate of cartilage covering laterally 
a considerable part of the myotomes. The scapula (sc) is partly ossified 
perichondrally, but marrow-cavities are still absent. Both the cleithrum (cl) 
and the clavicula (cla) are much larger than in the previous stage, neither 
of them possessing any marrow-cavities. 'The ventral margins of the procora- 
coidal cartilages, the processiis epicoracoidei and the m. rectus abdominis 
are still widely separated, in spite of the advanced degree of development. 
This condition can be easily explained, as the spirally twisted intestine in this 
stage has attained its maximum size.  'The mother tissue of the ventral 
aponeurosis stretches far downwards along the latero-ventral margins of 
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the m. rectus abdominis, and in the region of the processus epicoracoideus it 
is separated from the latter process by means of a clear space simulating a 
synovial cavity. 'This space indicates that movement of some kind or other 
of the processus epicoracoideus is possible, since in the adult condition, in 
which the processiis epicoracoidei are certainly capable of a sliding movement 
over each other, the ventral aponeurosis and the interepicoracoidal tissue are 
also separated from them by similar clear spaces. It should also be mentioned 
that in this stage the first traces of the sternum are to be seen. j 


FIG. 17 


Graphic reconstruction of the left half of the shoulder. 
girdle (stage F) to show the extent and relations of the 
membrane bones to the rest of the shoulder-girdle. X 22. 


Abbreviations as for figures 1 and 2. 


Stage G: The girdle now has duite an adult appearance, and the procora- 
coidal cartilages and processiis epicoracoidei are approaching each other 
midventrally; the spirally twisted gut has undergone considerable reduction. 
The processis epicoracoidei, however, do not yet overlap. 'The coracoid now 
contains a large central marrow-cavity and also a few smaller cavities, but the 
scapula is still solid. 'The clavicle is still dguite small; it covers only a small 
part of the procoracoidal cartilage, and is not yet fused with the scapula, 
but simply abuts against its ventral margin. 'The cleithrum, on the contrary, 
is already an extensive bone, covering a large part of the lateral aspect of the 
suprascapula, and containing several marrow-cavities, some of them opening 
to the exterior. 'The cleithrum is, however, still widely separated from the 
dorsal end of the scapula. A very important change is that the right and 
left anlages of the ventral aponeurosis have fused with each other mid- 
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ventrally, and that this continuous stretch of connective tissue is in direct 
continuity with the linea alba, which is NOW much narrower than. in the 
previous stage, for the ventral ends of the m. rectus abdominis have considerably 
approached each other (see figs. 18 and 19). The connective tissue constituting 
the linea alba is much denser than in the previous stage, especially in the 
region of the posterior parts of the processas epicoracoidei. The glenoid 
foramen described in the adult condition first appears in stage C as a distinet 
cleft covered by blastematous tissue, and situated between the pars scapularis 
and the pars coracoidea. Tn later stages it is situated between the ventral 
margin of the scapula and the dorsal part of the cartilago paraglenoidalis. Of 
the adult specimen described in the previous chapter, it was stated that this 
foramen is situated in the scapula (Fig. 6, fo). 'This intrascapular position is 
certainly secondary, and is the result of the progressive downgrowth into, or 
invasion of, the cartilago paraglenoidalis by the scapula. 'The proof that this 
is actually so is that in the adult condition the cartilago paraglenoidalis (Fig. 
6, cp) is only a small piece of cartilage lining a part of the glenoid cavity 
and separating the coracoid from the scapula. 'The synovial membrane lining 
the glenoid cavity, and the fibrous glenoid capsular tissue are both mesen- 
chymatous derivates (Cf. Hamilton, Boyd and Mossman (1945), and Maximow 
and Bloom (1944) ). 


In conclusion certain important points relating to the development of 
the shoulder-girdle will be discussed in further detail. From the above 
description of the development of the cleithrum and the clavicula it is guite 
evident that both are derivatives of the cutis, as are all ossa investitientia. 
Braus (1904) first suspected that the cleithrum is a membrane bone, and 
confirmed it in his later works (1909, 1919). It should also be mentioned 
that Fuchs (1922) and De Villiers (1922) independently came to the same 
conclusion as Braus. Various criteria, which will not be discussed in detail 
here, were set up for membrane bones by Fuchs (1922) and Braus (1919). 
These criteria, however, are not always to be trusted, except perhaps as 
corroborative evidence for the only safe ecriterion, the ontogenetic one, as 
repeatedly stressed by De Villiers (1922, 1925, 1926, 1929). 


As stated in the historical introduction, two different theories were 
set up by various authors for the origin of the fenestra obturatoria present 
in the ventral half of the Amphibian shoulder-girdle. Fuchs (1927) regarded 
it as a primary fenestra (“Sprossiingsfenster”), situated anterior to the pars 
coracoidea, and surrounded by the coracoid, procoracoidal cartilage and the 
processus epicoracoideus. 'The coracoid, forming the postero-lateral boundary 
of the fenestra obturatoria, is regarded as the only derivative of the pars 
coracoidea, while the processas epicoracoideus is a forwardly directed process 
of the coracoid (or its cartilaginous homologue). Fuchs also regards the 
procoracoidal cartilage as a ventrally directed process of the pars scapularis, 
and therefore not belonging to the pars coracoidea. A primary fenestra 
obturatoria is therefore not situated in the pars coracoidea, but anterior to 
it, since the only derivative of the pars coracoidea, the coracoid, forms the 
latero-posterior boundary of the fenestra. The membrana obturatoria cCovering 
the primary fenestra is regarded as a secondary membrane ('“fibrogene 
Membran”), since it develops late in ontogeny from fibrous connective tissue 
not belonging to the shoulder-girdle. According to Braus (1909) and Nauck 
(op. cit.) the fenestra obturatoria in Bombima(tor) and Alytes arise very 
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early in ontogeny as a foramen pro nervo supracoracoideo, situated in the 
antero-dorsal part of the blastematous or procartilaginous pars coracoidea. 
This foramen later enlarges to form the large fenestra obturatoria present 
in the adult condition. 'The coracoid, procoracoidal cartilage and processis 
epicoracoideus originate as separate chondrifications in the pars coracoidea. 
In Xenopus the fenestra obturatoria is formed in much the same way. In 
early stages of development (e.g. stages B and C) the blastematous and in 
later stages the procartilaginous pars coracoidea is pierced by the foramen, 
described above, for the transit of the n. supracoracoideus. 'The coracoid and 
procoracoidal cartilages subseguently chondrify simultaneously in the pars 
coracoidea, posteriorly and anteriorly to this foramen respectively, thereby 
enclosing the latter and a considerable part of the unchondrified pars 
coracoidea in a space between them — the incisura obturatoria. This is later 
closed ventrally to form the fenestra obturatoria by the development of the 
processus epicoracoideus, which in Xenopus is to be regarded as a process 
of the coracoid. 'The foramen pro nervo supracoracoideo is therefore also 
incorporated in the fenestra obturatoria, but it is not responsible for the 
further enlargement of the latter, as this is brought about by the reduction 
of the covering blastematous tissue to form a thin connective tissue membrane, 
the membrane obturatoria, entirely absent in the adult condition. The fenestra 
and membrana obturatoria in Xenopus, therefore, actually conform to a 
secondary fenestra (“Reduktionsfenster” of Fuchs) and a primary membrane 
(“Reduktionsmembran” of Fuchs) respectively, both of which, according to this 
author, are present in lizards. lt certainly is not a primary fenestra, since 
it originates in, and not anterior to, the pars coracoidea, since the latter gives 
rise to both the coracoid and procoracoidal cartilage, and not to the coracoid 
alone, as is claimed by Fuchs for Rana. The processus epicoracoideus is a 
process of the cartilago coracoidea (which later ossifies to form the coracoid) 
as in Rana and not a separate chondrification of the pars coracoidea as 
described for Alytes by Nauck. 

The ontogeny of the tissues constituting the complex system of 
connective tissue present between the ventral halves of the girdle has 
already been discussed by De Villiers (1929) and Fuchs (1926 b). The latter 
maintains that the episternum, the interprocoracoidal and interepicoracoidal 
tissues and the sternum represent the remains of a once large skeletal 
structure (“Ursternum”) intercalated between the ventral halves of the 
girdle. The anterior part of the “Ursternum” (the episternum) he considers 
to be of zonal origin, the rest, including the sternum, being of costal origin, 
although this conclusion can no longer be proved by ontogenetic evidence. De 
Villiers (1929) maintains that the procoracoidal capsular tissue, the inter- 
procoracoidal and interepicoracoidal tissues, and the epicoraco-sternal tissue 
are of linea albal origin, arising as cell-proliferations along the ventral margins 
of the m. rectus abdominis, and that a part of this tissue also constitutes the 
mother tissue of the sternum. 'The same author regards that part of the 
tissue which will give rise to the clavicie sheath as a cuticular derivative. 
But he says nothing about the origin of the tissue forming the ventral 
aponeurosis. The following discussion will deal with the ontogeny and 
skeletogenous activities of the complex system of connective tissue entities 
described above. 'The development of the sternum, however, which 's an 
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integral part of the skeletogenous activities of these tissues, will be discussed 
in the next chapter. 

In Xenopus the tissues in guestion are not derivatives of the ribs as 
such, but the tissue forming the ventral aponeurosis is undoubtedly of 
mesenschymatous origin, and is in direct syndesmotic continuity with the 
ventral margin of the blastematous pars coracoidea. It is therefore a derivative 
of the limb-bud tissue, and since the latter is probably a derivative of the 
axial mesenchyme, it is no more than logical to regard the ventral aponeurosis, 
the free appendicular skeleton and the girdle as being possibly of mesen- 
chymatous origin as well. 'The mesenchyme forming the latter two structures 
chondrifies (or ossifies as the case may be); the mesenchyme round the 
ventral margin of the girdle changes from undifferentiated mesenchymal tissue 
to functional binding tissue, as it has a binding instead of a skeletal function, 
and constitutes the mother tissue of the ventral aponeurosis. 'The latter 
stretches midventrally from the anterior to the posterior part of the shoulder- 
girdle, and forms a kind of pseudolinea alba, situated externally to the 
shoulder-girdle, the actual linea alba being situated internally to the ventral 
halves of the girdle (see fig. 20). In old premetamorphic specimens the 
ventral aponeurosis is in direct continuity with the linea alba for the whole 
length of the shoulder-girdle, and in the sternal region its tissue is somewhat 
thickened. The same applies to the linea alba. In this region in postmetamorphic 
specimens the ventral aponeurosis is in direct continuity with the linea alba 
only through the interprocoracoidal and interepicoracoidal tissues and becomes 
more ligamentous serving primarily as the point of insertion for the hypaxonic 
limb and girdle musculature. lTncidentally, it also forms the mother tissue 
for certain parts of the sternum. 

The interepicoracoidal and epicoraco-sternal tissues are to be regarded 
as derivatives of the ventral aponeurosis and of the linea alba. Jn the 
posterior epicoracoidal or sternal region the interepicoracoidal tissue is 
greatly thickened and broadly continuous with the ventral aponeurosis and 
with the linea alba (Fig. 20). In the sternal region, therefore, there is a 
concentration of connmective tissue, originating from the latter two connective 
tissue entities. From this interepicoracoidal concentration of tissue the dorsal 
parts of the sternum are formed, while the epicoraco-sternal tissue must be 
regarded as unchondrified interepicoracoidal tissue of the sternal region. 
Anterior to this region the interepicoracoidal tissue is only a thin strip of 
connective tissue, binding the processiis epicoracoidei loosely to each other, 
and. it is anteriorly continuous with the interprocoracoidal tissue. 


The interprocoracoidal tissue binding the procoracoidal cartilages (Fig. 
&, ipt), and the capsular tissue (pct) covering the antero-lateral and antero- 
dorsal parts of procoracoidal cartilages also have a double origin: they arise 
as cell proliferations from the linea alba and from the ventral aponeurosis. 
Tn large postmetamorphic and adult specimens the continuity of the capsular 
and interprocoracoidal tissues with the linea alba is interrupted, the latter 
being situated much deeper than the former. 'The ventral aponeurosis and 
the two connective tissue entities in guestion show skeletogenous activities since 
scattered nodules of cartilage are often found interprocoracoidally, and the 
medio-ventral margins of the front parts of the procoracoidal cartilages are 
connected to each other, in old specimens, by means of a cartilaginous bridge 
(Fig. 5, cb). This bridge is a chondrification of the ventral part of the capsular 
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tissue and of the ventral aponeurosis. In very large specimens such chondri- 
fications have proceeded so far that the entire anterior interprocoracoidal tissue 
is affected by the chondrification, so that the anterior parts of the procoracoidal 
cartilages are in actual synchondrosis (see fig. 4). 


In the previous chapter it was stated that the dorsal rims of the 
clavicles possess fairly large tuberosities (Fig. 5, tu), and that their median 
rims show progressive growth towards each other midventrally. Since these 
growing median rims of the clavicles, like the medio-ventral rims of the 
procoracoids, are embedded in the ventral aponeurosis it is evident that this 
structure can give rise to cartilage and to membrane bone. It is. of. course 
histologically duite impossible to distinguish cuticular elements capable of 
giving origin to membrane bone tissue in the ventral aponeurosis, but that 
such elements do occur is obvious, otherwise the progressive growth of the 
clavicles cannot be accounted for. IJt seems logical to conclude that formative 
Cuticular cells are proliferated from the clavicular periosteum, that these 
cells become embedded in the ventral aponeurosis, and that it is because of 
them that the ventral aponeurosis, which is a mesenchymatous derivative, can 
give origin to membrane bone tissue. 'This point of view is supported by the 
development of the tuberosities described above, which are to be considered 
as local ossifications of the clavicle sheath, i.e. of the clavicular periosteum, 
since the latter is the only unossified cuticular derivative capable of giving 
origin tc membrane bone tissue in this particular region of the shoulder-girdle. 
The only possible alternative explanation for the growing medial rims of 
the clavicles is to be considered in the light of the “Fasernknochen” of 
Weidenreich (1923). This explanation implies that the clavicles of larvel 
and small postmetamorphic specimens, in which no clavicular progressive 
growth has yet taken place, are of cuticular origin alone, but that in adult 
specimens, in which the clavicles show active growth, these bones have a 
double origin. For the greater part they are pure cuticular derivatives to which 
“Fasernknochen” nodules (Fig. 5, cln) originating from the ventral 
aponeurosis by direct ossification, are added during later life. 'These nodules 
should then be regarded as ossifications of the ligamentous ventral aponeurotic 
tissue, and are then identical with what were formerly known as “sesamoid 
bones”, such as the postpelvic Nobelian bones of Ascaphus, which De Villiers 
(1926) regards as “Fasernknochen”. 'This hypothesis, however, does not 
satisfactorily explain the presence of the tuberosities, which certainly are 
ossifications of the clavicle sheath. Tt seems more logical to conclude that 
both the tuberosities and the growing medial rims of the clavicles are also 
Cuticular derivatives, and that these additional structures originate from 
formative cuticular cells arising from the periosteum of the clavicles. 


Nothing has yet been said about the origin of the limb and girdle 
musculature. Tn stages A and B the ventro-lateral parts of the myotomes, 
situated dorsal to the limb-bud region, seem to show proliferation of cells 
since the muscle bundles are much smaller and more numerous than in other 
parte of the myotomes (Fig. 10). The perimysial connective tissue binding 
the bundles to one another is also more densely dispersed in these particular 
regions of the mytomes. Do these phenomena represent proliferation of cells 
from the myotomes, later to form the girdle and limb musculature as described 
by Braus (1904) and Goodrich (1930)? Tt is histologically duite impossible 
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to distinguish myogenic cells of the limb-bud core from those of apparentls 
myotomic origin. ln any case, the girdle and limb musculature first appear 
as indistinct, thickened patches in the blastematous tissue of the limb-bud core. 


THE DEVELOPMENT OF THE STERNUM 


The adult anatomy and the ontogenesis of the sternum have freguently 
been investigated, and the results have varied somewhat. Many of the 
investigations on the sternum were carried out mainly in order to test Ruge's 
theory (1880), that the sternum is of costal origin. Even for Amphibia, in 
which ribs are feebly developed or entirely absent, a costal origin for the 
sternum has been claimed by some workers (Fuchs, 1926 b; Engler, op. eit.). 
Ruge's theory for the sternum of Amphibia was proved untenable by a large 
number of workers (see historical introduction). 'The sternum of Xenopus 
is certainly not of costal origin. De Villiers (1922, 1924) claimed that the 
ventral sternal elements of Xenopus are of zonal origin, and that they 
correspond to the same elements of the Discoglossidae, as exemplified by 
Bombina(tor) pachypus and Alytes. But duite rightly, he did not venture to 
generalize about the constant zonal origin of these elements in the Amura. In 
order to test the matter, the development of the sternum of Bufo amgusticeps, 
as a representative of a non-discoglossid arciferan,. was also investigated in 
the present research although the development of such a sternum has already 
been studied in Bufo bufo asiaticus by Hsiao (op. eit.). 


As stated in the previous chapter, the sternum of Xenopus arises very 
late in ontogeny, when the rest of the shoulder-girdle has attained an advanced 
degree of development. 'The dorsal sternal elements seem to develop in direct 
continuity with the ventral ones. Numerous stages were investigated in the 
hope of finding the dorsal elements actually developing independently of the 
ventral ones, but with no success. The sternum arises as two sternal 
anlagen only, which later fuse to form the unpaired structure of the adult. 
In the past none of the workers on the ontogenesis of the sternum probably 
suspected that the ventral aponeurosis may be of great importance for the 
development of the sternum. ln his work of 1922, for example, De Villiers 
repeatedly figured the ventral aponeurosis, without describing or realising 


the importance of this connective tissue entity as a formative sternal mother 
tissue. 


Stage A: The two processis epicoracoidei are vertically disposed in the 
lateral parts of the body wall and are therefore widely separated from each 
other mid-ventrally. The right and left anlagen of the ventral aponeurosis have 
not yet fused, while the linea alba is a broad, thin stretch of connective tissue, 
binding the ventral margins of the m. recti abdominis. 'The earliest anlagen 
of the sternum appear as two small patches of blastematous tissue, situated 
laterally to the postero-ventral margins of the processas epicoracoidei (Fig. 
18, vsa). 'These blastematous patches are embedded in a thickened part of 
the ventral aponeurosis (va), and are also in direct continuity with the 
perichondrium of the processiis epicoracoidei. In spite of the latter condition, 
the blastematous patches described above are to be regarded as originating 
from the ventral aponeurotic tissue. Even at this stage the hypaxonie 
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pectoral muscles are attached to the sternal anlagen as well as to the tissue 
of the ventral aponeurosis. It is guite probable that these earliest anlagen 
of the sternum correspond to the ventral or presternal elements (Blittchen) 
of the discoglossid sternum described by De Villiers (1922) in Bombima(torj 
pachypus and in Alytes, and by Hsiao (op. cit.) in Bombima orientalis. 


FIG. 18 


Transverse section through the epicoraco-sternal region 
(stage A) to show the earliest anlage of the sternum. 


Abbreviations as for the previous figures. 


“$ mm 


Stage B: The two processiis epicoracoidei are considerably nearer to 
each other, with the result that their ventral ends now occupy a more horizontal 
position (Fig. 19, ep). 'The right and left anlagen of the ventral aponeurosis 
have fused mid-ventrally, forming a continuous stretch of tissue, situated 
between the medial margins of the hypaxonic appendicular and zonal muscles 
and of the processis epicoracoidei (Fig. 19, va). 'The linea alba (la) is 


FIG. 19 


Transverse sections through the epicoraco-sternal iets 
region (stage B). A through the anterior procar- 
tilaginous parts of the ventral sternal elements. 
B through the posterior parts of the ventral sternal 
elements. Abbreviations as for previous figures. 


likewise thickened and somewhat vascularised; it contains a few large lymph 
spaces and a few small blood-vessels, and is broadly connected with the 
ventral aponeurosis by means of the interepicoracoidal tissue (iet). In the 
posterior interepicoracoidal region, therefore, there is a concentration 
of connective tissue originating from the ventral aponeurosis and from 
the linea alba, and it undoubtedly forms the mother tissue of the dorsal 
parts of the sternum. 'The sternal anlagen described in the previous stage 
are now procartilaginous, situated ventrally to the postero-medial ends of the 
processis epicoracoidei; they are still embedded in the tissue of the ventral 
aponeurosis (Fig. 19A, vsa). 'These anlagen are produced backwards, posterior 
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to the hind margins of the processis epicoracoidei, as two distinct and 
separate patches of procartilaginous tissue (Fig. 19 B, vsa). Sternal structures, 
comparable with the discoglossid dorsal sternal elements (“Hrner” of De 
Villiers, 1922) are therefore not yet present at this stage. 


Stage CO: This stage is essentially the same as the previous one, as 
regards the structure and extent of the linea alba, the ventral aponeurosis 
and the interepicoracoidal tissue (compare figures 19 and 20). Anterior to 
the sternal region the processiis epicoracoidei now overlap, but they remain 
separated from each other in the sternal region by the interepicoracoidal 
tissue. As in the previous stage, the ventral sternal elements (Fig. 20 A, vsa) 
first appear in section as two procartilaginous patches, situated ventrally to 
the medial margins of the processiis epicoracoidei (ep). If the sections are 
followed backwards, these procartilaginous structures are seen to chondrify 
(Fig. 20 B and C); they expand in a mediad direction and slightly embrace 


FIG. 20 


Transverse sections through the epico- 

raco-sternal region to show the develop- 

ment of the dorsal sternal elements and 

the formation of the sternal pouches 

(stage C). Abbreviations as for previous 
figures. 
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the postero-medial tips of the processis epicoracoidei. Posterior to the latter 
the sternal anlagen are in the form of two cartilaginous patches embedded 
in the ventral aponeurosis and in the interepicoracoidal tissue (Fig. 20 C, vsa). 
It is remarkable that the right sternal anlage is larger than the left (see 
fig. 20 B and C). 
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The oguestion immediately arises whether the medial expansion of the 
ventral elements (Fig. 20 B, dsa) are the homologues of the dorsal sternmal 
elements (“Hêrner”) of the Discoglossidae. Since these medial expansions later 
develop in a dorso-lateral direction to form the roofs of the sternal pouches 
(see next stage), one is inclined to favour this homologisation, although the 
“Hêrner” develop separately from the ventral sternal elements. ln any case, 
the dorsal elements in Xenopus arise as the result of the progressive chon- 
drification of the ventral elements in a mediad direction, for formative tissue 
of the ventral aponeurosis and of the interepicoracoidal tissue is changed to 
cartilage in the process. 


Stage D: The ventral sternal elements have increased in size, while 
their medial expansions described in the previous stage have likewise become 


FIG. 21 


Transverse sections through the epico- 
raco-sternal region to show the asym- 
metrical development of the sternal 
pouches, and the relations of the ventral 
aponeurosis, the linea alba and the 
interepicoracoidal tissues to one another 
(stage D). Abbreviations as for previous 
figures. 


5 mm 
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larger and embrace the medial tips of the processiis epicoracoidei completely, 
thus forming the roofs of the sternal pouches (Fig. 21 B and C). These 
latter, therefore, arise as the result of the progressive expansion of the 
ventral elements, first in a mediad and then in a dorso-lateral direction. As 
stated in the description of the previous stage, these medial and dorso-lateral 
expansions of the ventral elements (Fig. 21 B, C, dsa) are to be regarded as 
the homologues of the “Hêrner” of the Discoglossidae, although they develop 
in continuity with the ventral elements: they are essentially chondrifications 
of the interepicoracoidal tissue (Fig. 21, iet). Posterior to the sternal pouch 
region the ventral sternal elements are produced backwards as two separate 
plate-like cartilages embedded in the ventral aponeurosis (Fig. 21 D, vsa). 
The right sternal pouch (Fig. 21 B, C, est) is better developed than the left. 

Stage E: This stage of sternal development is found in completely 
metamorphosed individuals, in which the tail has been entirely resorbed. 'The 
right and left sternal anlagen have fused, forming the unpaired sternal 
apparatus characteristic of the adult condition (Fig. 8). The paired origin of 
the sternum is still evident, as its dorsal surface is grooved in a cranio-caudal 
direction (Fig. 8 C and D). Anteriorly complete sternal pouches are present 
for the reception of the posterior rims of the processiis epicoracoidei (Fig. 8 C, 
est). 'The hind part of the sternum, posterior to the processis epicoracoidei, 
consists of a thin plate of cartilage lying between the mm. recti abdominis 
and the portio abdominalis musculi pectoralis. 'The ventral aponeurosis, the 
interepicoracoidal tissue and the linea alba are much less dense than in the 
previous stages (compare figures 8 and 21). 'The epicoraco-sternal mass 
(Fig. 8, ecs) binding the sternum to the processiis epicoracoidei represents 
unchondrified interepicoracoidal tissue. Tn all later stages the sternum is 
similar to its appearance in this stage, except that its lateral margins greatly 
increase in size, forming lateral sternal wings. Moreover, the roofs of the 
sternal pouches seem to disappear in late postmetamorphic and adult 
specimens (see fig. 7). 'The sternal pouches are thus reduced to sternal 
fossae (Fig. 7 C, sf); the reduction probably starts with the left pouch, as 
in a few specimens the roofs of the right pouches are rudimentary, while 
those on the left are entirely absent. 


Although the available material of Bufo angusticeps was not old enough 
to enable one to investigate the sternal anatomy of young postmetamorphic 
and adult specimens, the development of the ventral and dorsal sternal 
elements could be traced. Judging from Hsiao's description (op. eit.) of the 
sternal development in Bufo bufo asiaticus, the sternum in this genus develops 
along approximately similar lines as that in the Discoglossidae, in which the 
sternum arises as two dorsal elements of myocommatous, and two ventral ones 
of zonal, origin (De Villiers, 1922). In Bufo bufo asiaticus (Hsiao, op. cit.) 
the first sternal elements to develop are the ventral ones, situated underneath 
the medial edges of the processis epicoracoidei. Hsiao, however, states 
nothing about their origin. The dorsal elements develop in the myocommatous 
tissue of the m. rectus abdominis, their antero-median edges being united by 
means of a dense mass of connmective tissue, situated interepicoracoidally. 
This tissue later chondrifies, with the result that anteriorly the sternal horns 
or dorsal sternal elements become synchondrotically fused with each other 
and with the ventral elements. 'The latter become reduced in size, apparently 
contribute very little to the formation of the adult sternum and later fuse 


172 


with the processiis epicoracoidei. The dorsal elements increase in size and form 
the adult sternal apparatus. 

As may be expected, the sternal development of Bufo amngusticeps 
agrees largely with that of Bufo bufo asiaticus. ln the former species the 
earliest anlagen of the sternum are the ventral elements, situated ventrally 
to the postero-median edges of the processis epicoracoidei (Fig. 22 A, vst). 


FIG. 22 


Transverse sections through the epicoraco-sternal 

region of Bufo angusticeps to show the earliest 

anlage of the sternum and the relations of the 

ventral aponeurosis, the linea alba and the inter- 

epicoracoidal tissues to one another. Abbreviations 
as for previous figures. 


FIG. 28 


Transverse sections through the epicoraco-sternal 
region of Bufo angusticeps to show the develop- 
ment of the dorsal and ventral sternal elements 
and the relations of the ventral aponeurosis, the 
linea alba and the interepicoracoidal tissues to one 
another. Abbreviations as for previous figures. 


These elements, however, are not zonal in origin, as in the Discoglossidae, 
but are distinctly chondrifications of the ventral aponeurosis, separated from 
the processiis epicoracoidei by clear spaces, which resemble synovial cavities 
(see fig. 29). Unfortunately the subseguent reduction of these elements could 
not be followed. But that such a process is actually going on, is proved by 
thé fact that the left element is already fused to the medial tip of the right 
processus epicoracoideus (Fig. 238, A). As in Xenopus, a concentration of 
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interepicoracoidally situated formative sternal tissue (Figures 21. 22. iet): 
originating from the linea alba and from the ventral aponeurosis, is formed 
in the posterior interepicoracoidal or sternal region. ln the dorsal or linea 
albal niveau of this tissue the dorsal sternal elements chondrify (Fig. 23 C, 
dsa), and they may therefore be regarded as chondrifications of the linea alba. 
The chondrification then spreads into the rest of the interepicoracoidal tissue, 
so that the anterior tips of the horns are procartilaginously fused with each 
other and with the ventral elements (Fig. 21 C). 'The sternal horns are 
produced backwards as two cartilaginous bars (Fig. 28 E, dsa) lying partly 
in the linea alba and partly in the ventral aponeurosis, since these two 
connective tissue entities, otherwise separated, are fused posterior to the 
epicoracoidal region (see fig. 23 E). 


From the above description of the sternal development of Xenopus and 
of Bufo angusticeps, it is evident that there is some similarity in the sternal 
development of the two genera and that of the Discoglossidae. 'The ventral 
sternal elements of the former correspond in topography, but not in origin, 
with the discoglossid ventral elements. ln the former two genera these 
elements are chondrifications of the ventral aponeurosis, and are therefore not 
zonal derivatives, as in the Discoglossidae. It is therefore impossible to 
generalize about the ontogenesis of the ventral elements, as they apparently 
develop from 'morphologically different” blastematous rudiments. In Xenopus 
the dorsal elements, developing in synchondrotic continuity with the ventral 
ones, arise as chondrifications of the interepicoracoidal tissue. ln Bufo: 
angusticeps they develop independently from the ventral elements and mainly 
as chondrifications of the linea alba. In the Discoglossidae they also develop 
separately as chondrifications in the myocommatous tissue of the m. rectus 
abdominis (De Villiers, 1922). 'The dorsal elements of Xenopus and Bufo 
angusticeps are therefore not the exact homologues of these structures in 
the Discoglossidae. 'The sterna of Xenopus and Bufo angusticeps are therefore 
autochthonous chondrifications of the ventral aponeurosis and of the inter- 
epicoracoidal tissue, and, in the latter genus, of the linea alba as well. If 
the discoglossid sternal development is regarded as primitive, that of Xenopus 
and of Bufo angusticeps must be regarded as caenogenetic, in terms of the 
Von Baer-Haeckel formulation of the fundamental law of biogenesis. 'The 
ontogenesis of the liopelmid sternum, which unfortunately is not known, 
Should be of the greatest importance, since the most primitive sternal 
development will probably be found in this family. De Vos (1988, No. 2) 
stated that in the adult Liopelma the sternal styles are fused with the third 
pair of inseriptional ribs. 'This is reminiscent of the condition obtaining in 
lizards, as described by Van Gelderen (1925). 'This author maintains that the 
posterior part of the lacertid sternum  (xiphisternum) is of costal origin 
since it develops in direct continuity with the ventral parts of the posterior 
ribs. Is that part of the liopelmid sternum fused to the ventral abdominal 
ribs, costal in origin and is this the most primitive condition in the Amura? 
It seems more logical to suspect that the. sternum in the Anmura (and in 
Liopelma) is never of costal origin, and that the liopelmid condition, in which 
the sternal styles are fused to the inscriptional ribs “need not be construed 
as evidence of a costal origin of that part of the anuran sternum ..., but merely 
proves that any portion of the endoskeletal strata is essentially skeletogenous” 
(De Vos, 1938, No. 2). In the light of the above description of the sternal 
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development in Xenopus and Bufo, the costal origin of the sternum in these 
two genera at least is duite out of the duestion. 

According to De Villiers (1922) the ventral elements become somewhat 
reduced in Bombina(tor) pachypus and in Alytes, and the adult sternal 
apparatus is represented mainly by the dorsal elements. In Bufo bufo asiaticus 
these elements are so far reduced that they are represented by two small 
nodules of cartilage fused with the processis epicoracoidei, while the dorsal 
elements constitute the adult sternal apparatus (Hsiao, op. eit.). In Xenopus 
the dorsal elements tend to become reduced, and are entirely absent in the 
adult condition, while the ventral elements form the adult sternal apparatus. 

In Noble's most recent classification of the Salientia (1931), Xenopus is 
classified under Pipidae. Tt is now generally accepted that the latter are 
neotenie, although they display various primitive features, such as 
opisthocoelous vertebrae (Noble, 1931), absence of an episternum (De Villiers, 
1924), large size of the procoracoidal cartilages and the claviculae, various 
characters of the skull (Kotthaus, op. eit.), of the musculature (Noble, 1922, 
Grobbelaar, 1924) and of the vascular system (Millard 1949). Neotenic 
features have been stressed by Escher (op. cit.) Noble (1922, 1931) and 
recently by Millard (1949). One of the most important neotenic features 
is the maintenance of an aguatic habitat throughout life (Millard, 1949). 
This is probably responsible for a large number of specializations or orthogeneses, 
which are to be regarded as adaptations to the aguatic life. A list of these 
adaptations was given by Millard (1949). One such orthogenesis listed by 
Millard, is the enormous development of the muscles for swimming. 'The 
front legs, on the contrary, are poorly developed, being used for feeding rather 
than for locomotion (Millard, 1949). It is probably this characteristic, a 
direct result of the neotenic aguatic habit of life, that is responsible for the 
tendency towards firmisterny, and the corresponding total or potential loss of 
the dorsal sternal elements in the Aglossa. 'This assumption then implies 
that firmisterny has been adguired more than once and for various reasons. 
The firmisternal Polypedatidae, for example, are arboreal (Noble, 1931). 'The 
Firmisternia are therefore not a natural group, and the mutual relations of 
the ventral halves of the shoulder-girdle cannot be used as a basis of 
classification, as already stressed by Noble as far back as 1922. 


SUMMARY AND CONCLUSIONS 


1 'The shoulder-girdle of Xenopus is arcifero-firmisternal, as already stated 
by De Villiers (1922). 'The procoracoidal cartilages are articulated on 
the firmisternal, and the processiuis epicoracoidei on the arciferous 
principle. A progressive tendency towards firmisterny is present in the 
Aglossa and has probably been acduired independently in the different 
genera (De Villiers, 1929). 

2 'The separating connective tissue between the cleithrum and the 
suprascapula disappears in some of the large, adult specimens investigated. 
'The cleithrum then invades the suprascapula, resulting in the ossification 
of the latter. A distinct hinge, consisting of cartilaginous tissue, is 
present between the ventral margin of the suprascapula and the dorsal 
margin of the scapula. 
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The scapula is small, intensely ossified and fused with the lateral end 
of the clavicula, thus forming a secondarily undivided bone framing 
the glenoid cavity. 'The entity thus formed is not to be homologised 
with the primitive coracoscapula present in the Liopelmidae (Romer, 
1931, De Vos, op. eit.) and in some Embolomeri (Romer, 1931), since 
it is not formed by the progressive downgrowth of the scapula into the 
pars coracoidea of the coracoidal plate. 


In all the specimens investigated the scapula is pierced by a glenoid 
foramen, probably serving to regulate the pressure in the glenoid cavity 
during movement of the caput humeri within the latter. It is situated 
primarily between the ventral margin of the scapula and the cartilago 
paraglenoidalis; the intrascapular position is secondarily acduired as 
the result of the progressive downgrowth of the scapula into the 
cartilago paraglenoidalis. In the adult condition the latter is a small 
piece of cartilage, framing part of the glenoid cavity and separating 
the ventral end of the scapula from the dorsal end of the coracoid. 


The smallness of the scapula is probably correlated with the aguatic 
habit, the latter being a neoteniec feature. 'The smallness of the scapula 
is therefore probably the result of neoteny affecting a single structure. 


The cleithrum was found to be very large and to be a derivative of 
the cutis. It is characteristically V-shaped, and actually meets 
the scapula, a small synovial cavity being present in the 
region of the scapulo-cieithral contact. 'The largeness of the cleithrum 
is very difficult to interpret. It may be a primitive feature, as. the bone 
in duestion is very large in Labyrimthodontia. It may, however, be an 
adaptation to aguatic life, serving to strengthen the scapulo-suprascapular 
region of the shoulder-girdle, the scapula being very small. It serves as 
a point of attachment for a large number of muscles. 


The clavicula is very large and invests the procoracoidal cartilage 
ventrally. Ontogenetically it was found to be a derivative of the cutis, 
developing in an islet of cuticular tissue secondarily separated from the 
main cutis in response to the development of the hypaxonic appendicu- 
lar muscles. Hven in completely adult specimens it shows progressive 
growth, as its dorsal surface is beset with large tuberosities, and its 
medial rim tends to grow into the ventral aponeurosis. 'The formative 
Cuticular tissue responsible for the clavicular growth, is to be derived 
from the clavicular periosteum, the only unossified cuticular derivative 
capable of giving origin to membrane bone in that particular region of 
the shoulder-girdle. 'The largeness and mainly ventral position of the 
clavicula with respect to the procoracoidal cartilage is probably a 
primitive feature as already stated by De Villiers (1924, 1929), since 
the same condition obtains in Labyrinthodontia and in the primitive 
Liopelmidae (Romer, 1931, De Vos, op. eit.). 


The procoracoidal cartilages are very large, and arise ontogenetically 
as independent chondrifications in the blastematous pars coracoidea. 
Tn adult specimens they are fused anteriorly for duite a distance, this 
part of the shoulder-girdle then being firmisternal, functionally as well 
as anatomically. 
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The processis epicoracoidei are movably articulated on the arciferous 
principle as already stated by De Villiers (1924, 1929). According to my 
own investigations they arise as forwardly directed processes of the 
coracoidal cartilages and close the fenestrae obturatoriae medially. They 
are not interrupted either in the adult condition or in any stage of 
development after they have become fused with the procoracoidal 
cartilages anteriorly. 


The coracoids are long, slender bones, each containing a large central 
marrow-cavity and several smaller ones. Like the procoracoidal 
cartilages they arise as independent chondrifications in the coracoidal 
plates, and together with the shaft of the humerus, are the first 
elements of the shoulder-girdle to ossify. 'They form the latero- 
posterior boundaries of the fenestrae obturatoriae. 


Judging from the study of embryological material, the fenestra 
obturatoria conforms to the conception of a secondary Tfenestra 
(“Reduktionsfenster” of Fuchs), and arises in the coracoidal plate as 
a foramen pro nervo supracoracoideo, which later enlarges through the 
reduction of the tissue of the pars coracoidea. lt is covered in larval 
and young postmetamorphic individuals by a primary membrana 
obturatoria (“Reduktionsmembran” of Fuchs), originating from 
blastema of the pars coracoidea. Tt is entirely absent in later post- 
metamorphic and in adult specimens. 

The tissue forming the earliest anlage of the limb-bud probably 
originates from the axial mesenchyme. 'The routes of growth are 
probably the myocommata between the myotomes, and probably also the 
space between the ventral margins of the myotomes and the somatic 
coelomic epithelium. 'The latter route is also followed by the limb-bud 
nerve, which originates as a result of the fusion of two nerves passing 
from two consecutive spinal ganglia. 

The ventral aponeurosis is a derivative of the mesenchyme, and the 
tissues forming the linea alba and the myocommata of the myotomes 
and of the m. rectus abdominis probably have a similar origin. Both 
in Xenopus and in Bufo angusticeps the ventral aponeurosis forms the 
mother tissue of the ventral sternal elements. 


The interprocoracoidal and interepicoracoidal tissues, as well as the 
procoracoidal capsular tissue are derivatives of the ventral aponeurosis 
and of the linea alba. All these connective tissue entities 
are potentially skeletogenous. The capsular and interprocoracoidal 
tissues may chondrify as isolated patches, and their chondrification is 
furthermore responsible for the fusion of the anterior tips of the 
procoracoidal cartilages. 'The interepicoracoidal tissue is the mother 
tissue of a part of the sternum. 


The sternum is cartilaginous throughout life, and arises as paired 
autochthonous chondrifications of the ventral aponeurosis and of the 
interepicoracoidal tissue. 'The first sternal rudiments to chondrify are 
the ventral ones, originating as chondrifications of the ventral 
aponeurosis. 'The dorsal elements, constituting the roofs of the sternal 
pouches, develop in synchondrotic continuity with the ventral elements 
and tend to disappear in old postmetamorphic and adult specimens. 
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Sternal pouches are therefore confined to larval and young post- 
metamorphic individuals and are reduced to sternal fossae during 


later life. 


The absence or partial absence of the dorsal sternal elements in the 
Aglossa is probably the result of neoteny, and is correlated with the 
progressive tendency towards firmisterny, a tendency which has been 
attained independently by the different aglossal genera. 


'The ventral sternal elements constitute the adult sternum in Xenopus, 
while in Bufo and the Discoglossidae mainly the dorsal elements give 
rise to the adult sternal apparatus, the ventral ones tending to become 
reduced. 


The mode of the sternal development of Xemopus is to be regarded as 
caenogenetic, if that of the Discoglossidae is regarded as primitive. 
The sternogenesis of the Liopelmidae is unfortunately not known. Since 
Liopelma has inseriptional ribs, and since its sternum is partially fused 
with these ribs (De Vos, op. cit.) it would be interesting to know 
whether its sternum is at least partially of costal origin, as is claimed 
by Van Gelderen for lizards. 

It is impossible to generalize about the constant zonal origin .of the 
ventral sternal elements, but these structures are autochthonous 
chondrifications of the ventral aponeurosis in Xenopus and in Bufo 
angusticeps. 'The importance of the ventral aponeurosis and of the 
interepicoracoidal tissue as formative sternal tissues has been overlooked 
by investigators on the origin of the sternum. 


The epicoraco-sternal tissue is a derivative of the interepicoracoidal 
tissue. 


The dorsal and ventral sternal elements, and conseguently the sternal 
pouch of the right side, are larger than those of the left side, a 
condition that can probably be explained on mechanical grounds. As 
the right processus epicoracoideus generally overlaps the left one, the 
right sternal pouch will be better developed in order to prevent too 
much mutual displacement of the processiis epicoracoidei. 


The episternum is entirely absent in the Aglossa. De Villiers (1924) 
maintains that this condition is a primitive feature of the Aglossa. 


It cannot be pretended that a study of the ontogenesis and adult anatomy 
of the breast-shoulder apparatus of a single genus can be conclusive 
of the conditions obtaining in the Pipidae as a whole. Since this family 
is admittedly neotenic, detailed comparison with the primitive Amura, 
such as the Liopelmidae and the Discoglossidae is dangerous, and the 
utmost care should be exercised not to homologise neotenic features of 
the latter two families. In spite of the neoteny of the Pipidae, however, 
comparison with the primitive anuran families can be very fruitful 
in elucidating morphological and ontogenetic problems in the Pipidae. 
Not only adult anatomical data, but also ontogenetic facts of all the pipid 
genera and of the Liopelmidae and Discoglossidae should be compiled to 
estimate the exact interrelationships of these three anuran families. It 
is regrettable that comparative anatomical and ontogenetic research on 
the Liopelmidae and on certain genera of the Pipidae has been somewhat 
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neglected, probably owing to the inaccessibility of material. 


Future 


investigations in this sphere of comparative anatomy should therefore 


be concentrated on the Liopelmidae and on the Pipidae. 


ALPHABETICAL LIST OF ABBREVIATIONS 


unchondrified part of axial mesenchyme 


lateral wing of sternum 
atrium 

bloodvessel 
chondroblast 
cartilaginous bridge 
centrum 

caput humeri 
chorda dorsalis 
islet of cartilage 
cartilaginous hinge 
clavicula, 


clavicular nodule embedded in ventral aponeurosis 


dorsal nerve cord 
coracoid 

coracoidal cartilage 
cartilago paraglenoidalis 
corpus sterni 

cutis 

cell thickening in cutis 
clavicle-sheath 

dorsal flange of clavicle 
dorsal sternal element 
ectoderm of atrium 
epicoraco-sternal tissue 
ectoderm of limb-bud 
processus epicoracoideus 


sternal pouch filled with epicoraco-sternal tissue 


fenestra obturatoria 


fused parts of procoracoidal cartilages 


glenoid foramen 

glenoid cavity 
interepicoracoidal tissue 
incisura obturatoria 
interprocoracoidal tissue 
linea alba 
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sd 


1b limb-bud 


m matrix 
mMO membrana obturatoria 
mpa portic abdominalis musculi pectoralis 
mre m. rectus abdominis 
my dorsal part of myocomma 
myi ventro-lateral part of myocomma 
mMYyO myotome 
myr space between ventral border of myotome and somatopleuric 
coelomic epithelium 
nh nerves to front leg 
npe n. supracoracoideus 
nps nerve tc pars scapularis 
ns brachial plexus 
os ossification in suprascapula 
osf ossification in procoracoidal cartilage 
ost osteoblast 
pa pars appendicularis 
pe pars coracoidea 
pet procoracoidal capsular tissue 
pn pronephros 
pro procoracoidal cartilage 
ps pars scapularis 
psc pars scapulo-coracoidea 
sc scapula 
sca synovial cavity in region of scapula-cleithral articulation 
sce somatopleuric coelomic epithelium 
scp suprascapula 
sm. | - 
ad separating membrane 
tb thickened blastematous patch of tissue 
tu clavicular tuberosity 
va ventral aponeurosis 
vel ventral flange of cleithrum 
ve dorsal part of vertebra 
vsa ventral sternal element. 
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